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ABSTRACT 
Sensitivity to desiccation of recalcitrant seeds of the Leucobalanus subgenus of 
Quercus poses limitations to successful storage and regeneration efforts. My three studies 
evaluated different aspects of these problems. The first study investigated the effect of 
parent tree and seed size on seedling performance and morphology over the first three 
months of growth for Quercus alba and Quercus macrocarpa. The second study evaluated 
the effect of nitrous oxide (N2O) on seed storage as measured by seed, seedling, and starch 
thermal variables. Seeds from both species were placed in containers with one of three 
treatments: air, 80/20% and 98/2% N2O/O2. The third study investigated the effect of parent 
tree, seed size, and desiccation time on seed, seedling, and starch thermal variables for 
Quercus macrocarpa. Two parent trees, and two seed sizes (19.5 and 20.5mm) for each 
parent were selected, and desiccated under ambient room conditions. We found an effect of 
both parent tree and seed size on the majority of seed-related and seedling performance 
variables, with larger seeds performing better. Storage time under N2O had an effect for 
most of the seed related variables. Seedling performance declined with storage time for 
Quercus alba, while it improved for Quercus macrocarpa. In both species, seedling 
performance following N2O treatments was poorer. Seed desiccation showed an effect of 
parent tree and seed size for almost all seed-related variables. Parent tree also affected 
seedling performance. Desiccation time negatively affected most of the studied variables. 
For the storage and the desiccation objectives, starch thermal analysis indicated alterations 
during the treatment periods. Our results suggest that regeneration success could be 
enhanced by proper parent tree and seed size selection, since those variables could provide 
more vigorous seedlings and delay the deleterious effects of desiccation. N2O is effective in 
ix 
reducing seed metabolism, but more work is needed to find optimal storage conditions. 
Starch thermal values proved to be sensitive indicators of metabolic alterations when seeds 
were exposed to desiccation and storage environments. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Recalcitrant seeds are characterized mainly by their inability to withstand desiccation, 
they loose viability as moisture content falls below -30%, depending on the species (Roberts, 
1973). They do not undergo maturation drying like orthodox seeds, so at shedding time they 
maintain their fully hydrated stage (Roberts, 1973). Therefore, the seed cannot be stored at 
freezing temperatures. Indeed, some recalcitrant species even exhibit chilling sensitivity that 
varies from highly sensitive seeds that can not be stored under < 16°C, to chilling tolerant 
seeds that can tolerate temperatures as low as 0°C (Farrant et al., 1993; Connor and Sowa, 
2002). Consequently, there is a reduction in seed vigor when exposed to low temperatures 
from subzero to even 16°C. Because of this desiccation and chilling sensitivity, only short-
term storage of a few days to a year is possible when seeds are stored at a fully hydrated 
stage. In most cases radical protrusion is inevitable during or prior to storage (Bewley and 
Black, 1994; Vetrucci and Farrant, 1995; Berjak and Pammenter, 1997; Pammenter and 
Beqak, 1999; Connor and Sowa, 2002). On the other hand, orthodox seeds can be dried at 
moisture levels as low as 8%, and stored under subzero temperatures with viability remaining 
high (Roberts, 1973; Bewley and Black, 1994). 
Recalcitrant seed behavior and the related desiccation and chilling sensitivity pose 
limitations to germplasm preservation (Pence, 1990; Pence, 1992), nursery storage, 
provenance testing, and direct seeding practices, for high value species such as Quercus spp. 
(Olson, 1974; Sork et al., 1993; Greenberg and Parrelsol, 2000; Takos, 2001). In order to 
understand better the nature of "recalcitrance", more research needs to be done to address 
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physical, physiological, and biochemical alterations when seeds are exposed to experimental 
conditions. Although past research addressed questions regarding variables such as critical 
moisture levels, more investigation needs to be done for a wider spectrum of recalcitrant 
species, since there is large variation among species regarding levels of recalcitrance. 
Investigations are needed on methods for improved seed storage by reducing metabolism or 
overcoming the barriers to drying and chilling. Further study needs to be done on how seed 
selection from specific parent trees and seed size might help select better genetic material for 
regenerating a site. In addition, identifying variables that can be used as indicators of the 
onset of seed deterioration should be further explored for a wider spectrum of recalcitrant 
species. 
Dissertation Organization 
This dissertation consists of five chapters, three of which are manuscripts formatted 
for submission to specific journals. Chapter 1 is the general introduction. Chapter 2 
analyzes the effect of seed size and parent tree on seedling performance for white and bur 
oak, and is formatted for submission to Seed Science and Technology. Chapter 3 addresses 
the effect of nitrous oxide as an atmospheric gas for storage of white and bur oak seeds, and 
is formatted for submission to Seed Science Research. Chapter 4 focuses on physical 
changes and starch alterations of bur oak seeds from different parent trees and different seed 
sizes during desiccation, and it is formatted for submission to Tree Physiology. Chapter 5 
covers general conclusions. Three appendices contain additional material pertaining to the 
experiments covered in chapters two through four. 
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Literature Review 
Evolution of recalcitrance 
Contradictory theories have been developed regarding the evolution of recalcitrant 
seeds. Pammenter and Berjak (2000) suggested that past climatic regimes should have 
encouraged the appearance of recalcitrant seeds first, while desiccation tolerance (orthodox 
seeds) was a derived characteristic that evolved through response to climatic alterations. 
However, other researchers suggested that desiccation tolerance is most likely an ancient 
seed characteristic based on its frequency of occurrence for both gymnosperms and 
angiosperms (Judd et al., 1999; Farnsworth, 2000). 
Based on ecotypic establishment patterns, recalcitrant seeds tend to dominate closed 
canopy ecological niches, while orthodox seeds tend to occur with more open-canopy site 
species (Leishman and Westoby, 1994; Hammond and Brown, 1995; Lusk, 1995; Eriksson et 
al., 2000). Grubb and Metcalfe (1996) suggested that this pattern indicates an adaptive 
characteristic rather than a shade-survival mechanism. Based on seed size, recalcitrant seeds 
are generally larger than orthodox seeds (Dickie and Pritchard, 2002). For a particular 
species, it has been also suggested that the wider the geographic distribution range the wider 
the distribution of seed size classes (Bonfil, 1998). Quercus is characterized by a wide 
distribution in the Northern Hemisphere, with scientific information for 41 taxa in the U.S.A. 
(Olson, 1974). 
Quercus spp. 
The genus Quercus L. (oaks) belongs to the Fagaceae (Beech) family. Oaks are 
monoecious with flowers appearing in early spring (February to May) before (or during) leaf 
formation. The male (staminate) and the female (pistillate) flowers develop at the leaf axils 
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of the previous and the current year, respectively (Olson, 1974). Further, the seed develops 
within one to two growing seasons depending on the species. 
Production of acorns is sporadic with a period ranging from 1 to 10 years between 
good seed crops, depending on the species (Young and Young, 1992). Dispersal occurs in 
autumn from late August to early December (Olson, 1974). Level of maturation of the acorn 
can be determined by the change in color, as it turns from greenish to brown. Seed size and 
shape is highly variable among species, with seed-length ranging from 6 to 37 mm, and 
shape ranging from sub-oblong to oblong. 
Acorns usually contain one seed (rarely two) and occur in clusters of two to five. 
Seed are dicotyledonous with no endospermic tissue, with starch being the main storage 
carbohydrate. Emergence is hypogeal, and is completed within 3 to 5 weeks. The top of the 
acorn is covered with a cup that tends to fall off for most of the species, and it largely varies 
in shape and size from species to species. Bluejays are considered the main dispersal vector, 
competing with squirrels for the available acorn crop (Johnson et al., 1997; Fox, 1982). 
Good seed crop years often lead to an increase in the insect population (Hochwender 
et al., 2003). Weevil infection (ex. Curculio spp.) is considered the most common problem 
when collecting acorns (especially from the ground). Fungi, birds and other animals might 
also destroy parts of the seed crop, and that is more evident in low crop production years. 
White versus red oaks 
The Quercus genus consists of the white oak (Leucobalanus) and the red oak 
(Erythrobalanus) subgenera. Both subgenera have recalcitrant seeds (Roberts, 1973). 
However, differences in the seed maturation cycle, physiology, and biochemical 
characteristics substantially differentiate the white oaks from the red. 
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Seed maturation for white oaks occurs within one growing season, while for the red 
oaks it takes two growing seasons after fertilization. White oak seeds experience little or no 
dormancy, storage is limited to a few weeks up to a year, and radical protrusion occurs 
shortly after shedding. On the other hand, red oak seeds express some type of dormancy at 
shedding time, and they can be stored for longer periods (up to 3 years). Also, white oaks 
lose viability when levels of critical moisture content drop below 40%, while red oaks can 
tolerate levels as low as 20% (Young and Young, 1992). White oaks have lower lipid 
content (~6%) based on whole seed reserve content, while red oaks attain greater amounts 
(-25%) (Bonner and Vozzo, 1987). Differentiation of red oaks in tolerating greater 
dehydration levels, and having greater lipid content compared to white oaks, could contribute 
to different expression levels of recalcitrance as reflected by longer storage period times for 
red oaks. 
Species selected for study 
Both Quercus alba L. (white oak) and Quercus macrocarpa L. (bur oak) belong in 
the Leucobalanus subgenus. These species shed their chilling-tolerant seeds in early fall, and 
rapidly lose viability upon drying. For white oak, radical protrusion occurs right before or 
after shedding, while the epicotyl remains dormant until early spring. Future research should 
address how long the epicotyl dormancy could be prolonged while maintaining seed viability 
by storing seeds under conditions that mimic "winter frozen" environments in nature. For 
bur oak, radical protrusion occurs in early spring after overwinter cold conditions that serve 
as stratification to break seed dormancy (Olson, 1974). Like the other white oaks, the most 
prevalent storage reserve is starch, which comprises 46.6 and 45.9% of the whole seed for the 
white and bur oak, respectively (Bonner and Vozzo, 1987). The lipid content of the seeds 
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remains at a low level that is 2.9% for the white and 4.8% for the bur oak (Bonner and 
Vozzo, 1987). For both species, future research is needed to further determine metabolic 
changes that might take place during over wintering conditions in nature that should help 
explain the recalcitrant nature of those seeds. 
These two species are of great interest not only due to their exceptional wood quality, 
but also due to their substantial contribution to wildlife as mast-producing trees. However, 
their recalcitrant nature results in deterioration of the seed when it is exposed to drying. This, 
in conjunction with sporadic seed production (Sork et al., 1993; Greenberg and Parresol, 
2000), limits success of regeneration. Furthermore, long-term storage for germplasm 
preservation and nursery practices has been impossible because of these recalcitrant features. 
Seed size effect 
Seed size is an important phenotypic trait that is highly influenced mainly by 
maternal source and the environment where the tree is grown. Seed size is usually influenced 
about equally by genetic control and environmental impact during seed development 
(Kormanik et al., 1998). At the early seedling stage, growth is largely controlled by the 
amount of nutrients supplied by the seed, with better performance being related to larger 
seeds (Foster, 1986; Milberg and Lament, 1997). Research has indicated that seedlings 
derived from larger seed sizes also have a better ability to tolerate adverse establishment 
conditions such as drought (Lloret et al., 1999; Khurana and Singh, 2000), physical damage 
(Bonfil, 1998), and shade conditions (Rincon and Huante, 1993; Reich et al., 1998). 
Research on seedling performance as related to seed size differences among species 
has also indicated superiority of larger-seeded species under artificially adverse growth 
conditions, such as nutrient deficits (Jurado and Westoby, 1992; Milberg et al., 1998), light 
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levels (Foster and Janson, 1985; Leishman and Westoby, 1994; Osunkoya et al., 1994; 
Saverimuttu and Westoby, 1996; Reich et al., 1998), water deficits (Hendrix and Trapp, 
1992), and conventional greenhouse conditions (Jurado and Westoby, 1992; Cornelissen et 
al., 1996). Similarly, larger seed sizes within a woody species have also been demonstrated 
to better tolerate "stress" under adverse conditions in greenhouses, such as lack of nutrients 
and physical damage (Malavasi and Malavasi, 1995; Singh et al., 1995; Aizen and 
Woodcock, 1996; Milberg and Lamont, 1997; Bonfil, 1998; Kormanik et al., 1998; Khurana 
and Singh, 2000) that are less studied and evident under field conditions (Seiwa, 2000). 
However, there are cases where the large size of the recalcitrant seeds poses limitations to 
other practices, as described below. 
Storage 
Specifically, the large size of most recalcitrant seeds does not allow uniform drying of 
the tissue and negatively affects application of cryopreservation storage techniques (Pence, 
1990; Chaudhury et al., 1991; Krishnapillay, 2001). In addition to the seed size effect, their 
recalcitrant nature does not allow substantial amounts of desiccation for proper 
cryopreservation. This is why most of the research investigating drying rates utilizes embryo 
axes as opposed to the whole seed. 
Several attempts to increase storage of recalcitrant seeds have been made. Variables 
evaluated include partial drying, subzero temperatures, and a number of atmospheric 
treatments. These studies imply that recalcitrant seeds can be stored for longer periods and 
maintain higher viability when they are not dried. Research has confirmed these trends for 
the recalcitrant species of Quercus macrocarpa (Schroeder and Walker, 1987), Quercus 
robur L. (Gosling, 1989), Quercus nigra L. and Quercus pagoda Raf. (Connor and Sowa, 
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2002), Araucaria hunsteinii K. Schum. (Pritchard et al., 1995), and Trichilia dregeana Sond. 
(Drew et al., 2000). Hydrated storage under low temperatures has also demonstrated a 
positive effect on storage as revealed by percent of germination for chilling-tolerant 
recalcitrant species such as Quercus robur (Suszka and Tylkowski, 1980), Quercus 
leucotrichophora A. Camus. (Bhardwaj et al., 2001), and Q. durandii Buckl., Q. pagoda, Q. 
nigra, and Q. virginiana Mill. (Connor and Sowa, 2002). High levels of humidity under 
storage conditions have also been proven to benefit storage of recalcitrant seeds (Bonner and 
Vozzo, 1987). Storage of recalcitrant temperate seeds in thin (0.1 mm) loosely tied 
polyethylene bags also seems to favor seed storage by allowing gas exchange (Chin and 
Roberts, 1980; Rink and Williams, 1984). 
Modified storage atmospheres have also indicated a benefit in storage of recalcitrant 
species. Specifically for Quercus robur, greater amounts of carbon dioxide (CO;) in the 
storage atmospheres (3/15%, and 5/10% CO2/O2) had greater germination compared to lower 
amounts (1/2.5% CO2/O2) (Tylkowski, 1977). In this study, it is most likely that the lower 
amounts of 02 must have contributed to lower germination levels, since O2 is a critical factor 
in maintaining viability for recalcitrant seeds during storage (Tompsett, 1983; Szczotka, 
1978; Szczotka, 1984). Atmospheric storage under nitrous oxide (N20) treatments indicated 
promising results for Litchi chinensis Sonn. (lychee) and Dimocarpus longan Lour, (longan) 
(Sowa and Roos, 1991). 
Nitrous oxide (N3O) 
Nitrous oxide (N2O) has a triatomic linear molecule that is used as an anesthetic, also 
known as the "laughing gas". The mode of action of this gas in humans during surgical 
procedures is not fully understood (Einarsdottrir et al., 1988). From its use as an anesthetic, 
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it is known that high concentrations can cause negative effects on respiration, circulation and 
general levels of brain activity. Hypoxia could be induced when introduced to humans at 
high concentrations associated with low oxygen levels (<20%), and if it is inhaled for more 
than a few minutes, it can result in irreversible brain damage. Also, N2O has the ability to 
permeate tissues and dissolves in the blood where it displaces O2; under prolonged and 
excessive use it can damage the bone marrow and the nervous system by causing vitamin B-
12 deficiency. This usually causes a person to feel pain in the arms or legs. When the levels 
of B-12 vitamin in the body are reduced, the red blood cell count is lower, anemia results, 
and nerves degenerate. 
Sowa et al. (1987) showed that exposing bean seeds for 30 min to low levels of N2O 
(<20% of N2O) stimulated mitochondrial respiration, while it was reduced at greater levels 
(>20% N2O). Reduction in respiration was further confirmed by Sowa et al. (1990) for bean 
seeds. Sowa et al. (1993), found a reduction in activity of cytochrome c oxidase that reduced 
seedling vigor as recorded by root length, while percent germination was unaffected. 
Cytochrome c oxidase, a protein in the mitochondria membrane, is the end point of electron 
flow that contributes to the production of H2O through 0% reduction (Taiz, and Zeiger, 1998). 
Research indicated that N2O binds to and causes conformational changes in the cytochrome c 
oxidase that reduces electron flow rather than acting as a donor to substitute for 02 (Dong et 
al., 1994). From the above, it seems that N2O is a promising atmospheric environment for 
storage of recalcitrant seeds. 
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Desiccation 
Cryopreservation is another promising storage technique that is not applicable for the 
whole or even for part (the embryo axis) of the recalcitrant seeds. This is why most of the 
research has focused on the effect of drying rates for a number of species, such as Quercus 
nigra (Bonner, 1996), Avecinnia marina (Forssk.) Vierh. (Farrant et al., 1985; Farrant et al., 
1993), Ekebergia capensis Sparrm. (Pammenter et al., 1998), Theobroma cacao L. (Liang 
and Sun, 2000), and Artocarpus heterophyllus Lamk. (Wesley-Smith et al., 2001). The 
general conclusion was that rapid drying rates were associated with greater viability, while 
seed reached lower moisture contents. These conditions enabled cryopreservation practices 
on embryo axis tissue. That could imply that rapid drying could reduce the time at which 
seeds are exposed to deleterious reactions that result in loss of seed viability. Never-the-less, 
all drying rates resulted in some cell damage, as reflected by high electrolyte leakage levels, 
which eventually decreased seed viability. 
Researchers indicated that cell damage is induced by unregulated metabolism that 
results in increased levels of lipid peroxidation and free radicals, while the defense 
mechanism of the seed (free radical-scavenging enzymes) is reduced (Finch-Savage et al., 
1993; Chaitanya and Naithani, 1994; Lin and Chen, 1995; Li and Sun, 1999; Greggains et al., 
2001). Respiration rates (//mol 02 g"1 dry mass) that reflect levels of seed metabolism have 
also been indicated to decline with desiccation (Leprince et al., 1999; Walters et al., 2001). 
Some research has reported the deleterious effects of desiccation on seedling performance as 
recorded by seedling growth, and growth rate, for a few species such as Theobroma cacao 
(Toruan et al., 2000), Artocarpus heterophyllus (Bhattacharyya and Basu, 1992), Areca 
catechu L. (Raja et al., 2001a), and Persea americana Mill. (Raja et al., 2001b). 
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Researchers also quantified carbohydrate levels during desiccation. For Quercus alba 
it has been reported that as desiccation progressed, embryo axes had the ability to retain 
higher levels of soluble carbohydrate (i.e. sucrose) compared to cotyledons (Connor and 
Sowa, 2003). They suggested that increased sucrose amounts served as a protective substrate 
against cell wall damage. Toruan et al. (2000) also found increased carbohydrate levels of 
sucrose, raffinose, and arabinose as desiccation of cocoa (Theobroma cacao) progressed. 
Further, research indicated that recalcitrant seeds had lower levels of oligosaccharides: 
sucrose ratio (<0.083), while for orthodox seeds it was greater (>0.143) (Steadman et al., 
1996). 
Starch and thermal analysis 
Starch is the main carbohydrate reserve for both white and bur oak (Bonner and Vozzo, 
1987). It mainly consists of amylose and amylopectin forms (Whistler and Daniel, 1984). 
Amylose is a linear polymer chain of glucose, with a-1,4-linkages that accounts for up to 
25% of the total starch. Amylopectin is composed of a branched glucose chain with a-1,6-
linkages at branch points that consist of low and high molecular weight components 
determined by the number of glucose molecules within linear parts (a-1,4-linkage) (within 
each branch). Linear parts of amylopectin consist of low- (5 to 30 glucose units) and high-
molecular weight (30 to 100 glucose units) branches. Starch granule properties can be 
affected by both the amylose/amylopectin ratio, and the low/high molecular weight of 
glucose linear chains, resulting in alteration of starch properties such as gelatinization. 
Gelatinization is defined as the collapse (disruption) of molecular orders within the starch 
granule manifested in irreversible changes in properties such as granular swelling. As 
gelatinization occurs amylose tends to leach, while an increased amount of the amylopectin 
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becomes hydrated. Different types of starch have different types of behavior when 
gelatinized. Gelatinization occurs at narrow temperature ranges (for com starch it is 61 to 
72°C), with larger granule sizes requiring longer time to complete the gelatinization (Koch 
and Jane, 2000). 
Thermal analysis of starch can detect qualitative alterations when seeds are exposed 
to a set of experimental conditions based on heat flow profiles (thermograms). These 
profiles can be characterized by their position (i.e. onset, and peak temperatures), shape 
(wider bases related with a wide range of temperatures), and the size (based on energy of the 
reaction), and can be highly altered by the quality of the analyzed starch. Waxy corn starch 
granules that are mainly composed of amylopectin, have higher onset and peak values 
compared to regular corn starch (Ng et al., 1997a). Additional factors such as location of 
production can also affect the degree of gelatinization. Thermal analysis of starch from 62 
exotic maize (Zea mays L.) lines grown in two different locations indicated significant 
differences in the gelatinization onset (ToG), range (RnG), the peak height index (PHI), and 
the enthalpy (AHG) (Ng et al., 1997b). These data suggest that seeds collected from Georgia 
had a higher degree of crystallinity compared to Puerto Rico seeds. Differences were 
attributed to higher temperature ranges that occurred in Georgia during the grain-filling 
period that affected amylopectin formation. Similar results were suggested by Lu et al. 
(1996) who correlated higher temperatures during seed filling with greater chain length in the 
medium branch-chain fraction of amylopectin. Ng et al. (1997a), who studied starch thermal 
properties during developmental stages for a number of maize mutants, suggested that 
alterations in starch thermal values could have been attributed to alteration in amylose 
content and other intermediate materials. Studying alterations in starch quality when seeds 
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are exposed to various conditions, such as desiccation, might provide some insights on 
degradation of food reserves. Starch thermal analysis is a sensitive technique that allows 
detection of qualitative alterations of starch. 
Research on seed attributes such as size and genetic source in relation to seedling 
performance could provide some relief for the problematic regeneration of these species. 
Further, it might indicate how we could benefit by selecting the most promising "seeds" to 
regenerate a site, or produce vigorous seedlings and transplant them on a site. Additional 
research on storage techniques might increase our understanding on how recalcitrant seeds 
behave. That might give some insights on possible long-term storage of those seeds, or 
recommend possible future research to answer new questions raised by our research. Finally, 
study of physical and biochemical seed alterations during desiccation might provide some 
insights on the nature of recalcitrance. A better understanding of those seeds during 
desiccation would provide helpful information on how to promote successful regeneration 
based on the ability of the seeds to maintain viability after a specific period of drying. The 
information gathered by studying seed deterioration during desiccation might help in possible 
future research for improving storage and sowing techniques. 
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CHAPTER 2. THE EFFECT OF PARENT TREE AND SEED SIZE ON SEED-
RELATED VARIABLES AND SEEDLING PERFORMANCE FOR QUERCUS SPP. 
A paper to be submitted to the Seed Science and Technology 
Valasia Iakovoglou, Manjit K. Misra, Richard B. Hall, and Allen D. Knapp 
Abstract 
At the present, success of oak regeneration is problematic due to competition from 
other species, environmental stresses, and the biological limitations of oak seed. This study 
investigated the effect of parent tree and seed size on seed-related variables and seedling 
performance. White and bur oak seeds were separated into 1mm diameter sizes. Two white 
oak parents gave three seed sizes (17 to 19mm). Two bur oak parents gave five "small" seed 
sizes (13 to 18mm), while three parents gave five "larger" sizes (18 to 23mm). One subset of 
seeds was used to evaluate seed-related variables: moisture content, seed-, pericarp-, and 
embryo- fresh and dry weight. Another subset evaluated seedling performance variables 
(root width, root length, and epicotyl length) based on environmental chamber growth (1-
month). Those seedlings were then grown under greenhouse conditions for 2 more months; 
additional variables were leaf area, first order lateral roots, and seedling dry weights. Both 
parent tree and seed size had an effect on the majority of seed-related variables and seedling 
performance (more evident at 3-months growth), with larger seeds performing better. 
Comparison of seed-related variables and seedling performance derived from the same seed 
size indicated differences among species. Our results confirm that larger seed sizes give rise 




At present, success of oak regeneration under field conditions poses a lot of concerns. 
The white oak subgenus (Leucobalanus) is not only of a high interest due to its exceptional 
wood quality, but also due to its substantial contribution to wildlife as mast-producing trees. 
Before European settlement the white oak subgenus, in particular Quercus alba L., was a 
dominant species in most of the forests of the central hardwood region in the United States 
(Adams and Copenheaver, 1999; McCarthy et al., 2001; Abrams, 2003). Over the last 
century, there has been a shift in the regeneration mode to more shade-tolerant species 
(Delcourt and Delcourt, 1998; Feist et al., 2004). Many factors have negatively affected 
seedling establishment, one of the most vulnerable stages that determine success of 
regeneration efforts (Foster, 1986). Biotic factors such as herbivory (Stole and Anderson, 
1992; Hochwender et al., 2003), and intense competition of associated native and/or exotic 
plants (Feist et al., 2004), in conjunction with abiotic factors such as lack of soil nutrients 
and poor water status (Griffin, 1971) have also negatively affected proper regeneration. 
Also, alteration in anthropogenic-mediated management practices, such as fire suppression, 
has been suggested to substantially limit establishment success (McGee and Loftis, 1986; 
Arthur et al., 1998; Adams and Rieske, 2001). Inherent biological features of these oak 
species also reduce their success in artificial regeneration. Radical emergence at time of 
shedding in white oak and dehydration sensitivity make handling and cold-storage of acorns 
difficult. The fact that good acorn production occurs only every 3 to 5 years (Sork et al., 
1993; Greenberg and Parresol, 2000), also poses limitations to seed availability and adequate 
seeding production through nursery practices. In combination with the recalcitrant nature of 
these seeds that severely limits storage life, the sporadic production of acorns often results in 
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seed shortages when needed either by nurseries or direct seeding practices. This leads to 
more expensive seed and the temptation to substitute other species in reforestation plans. 
Although research has studied the effect of specific parent trees on seedling variables for 
agricultural crops such as com (Alt et al., 2002; Johnson et al., 2001; Martinelli and 
Carvalho, 1999), factors such as sporadic acorn production, late maturation age for producing 
seeds (at least 20 years old), and uncontrolled pollinations pose limitations in studying 
parental effects for tree species. To our knowledge, only Kormanik et al. (1997) studied and 
found a significant effect of parent tree and seed size on seedling performance based on 20 
open-pollinated Quercus rubra L. trees (families), with larger seeds producing more vigorous 
seedlings. 
In the first year of the seedling stage, growth is largely determined by the amount of 
nutrients supplied by the seed, with greater ability related to larger seeds (Foster, 1986; 
Milberg and Lamont, 1997). Research has indicated that seedlings derived from larger seed 
sizes have the ability to tolerate adverse establishment conditions such as drought (Lloret et 
al., 1999; Khurana and Singh, 2000), physical damage (Bonfil, 1998), and shade conditions 
(Rincon and Huante, 1993; Reich et al., 1998). Hence, regenerating a site by using larger 
seed sizes should enhance successful establishment of a species. Also, nurseries could 
reduce planting cost by selecting and planting seed sizes that could provide more vigorous 
seedlings. 
The positive effect of large seed size species on seedling performance compared to 
small seed size species has been intensively studied, while less emphasis has been given in 
differences within a species. Large-seeded species have shown superiority in seedling 
performance compared to small-seeded species under artificially stressed conditions that 
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reflect selective forces, such as nutrient deficits (Jurado and Westoby, 1992; Milberg et al., 
1998), low light levels (Foster and Janson, 1985; Leishman and Westoby, 1994; Osunkoya et 
al., 1994; Saverimuttu and Westoby, 1996; Reich et al., 1998), water deficits (Hendrix and 
Trapp, 1992), and conventional greenhouse conditions (Jurado and Westoby, 1992; 
Cornelissen et al., 1996). Similarly, larger seed sizes within the same woody species have 
also been demonstrated to better tolerate "stress" conditions administered in a greenhouse, 
such as lack of nutrients (Milberg and Lamont, 1997), water (Khurana and Singh, 2000), and 
light availability (Malavasi and Malavasi, 1995), frost conditions (Aizen and Woodcock, 
1996), and physical damage (Bonfil, 1998). Research has also been done on the effect of 
seed size on overall seedling performance under greenhouse (Singh et al., 1995; Kormanik et 
al., 1998), and field conditions (Seiwa, 2000). 
Although some of the above research has addressed variation in seedling performance 
based on seed size of individual Quercus species (Singh et al., 1995; Aizen and Woodcock, 
1996; Bonfil, 1998; Kormanik et al., 1998; Seiwa, 2000), none of the studies have evaluated 
the effect of seed size and specific parent-tree on seedling performance within the species of 
Quercus alba (white oak) and Quercus macrocarpa L. (bur oak). Also, none of the above 
researchers have addressed the issue of species differences when comparing seedlings 
derived from the same seed size based on diameter-measurement classification. 
In this study, we examine within each species the effect of seed size and parent-tree 
on initial seed parameters, seedling performance at 1- and 3- months of growth, biomass, and 
morphology, when grown under conditions of no addition of mineral nutrients. We 
hypothesized that seedling performance would be associated with both seed size and specific 
parent-tree, with larger seeds performing better both in their initial 1-month of germination 
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and growth during their first 2 months of autotrophic growth. We also looked at differences 
between the two species when the effect of seed size is minimized, by comparing 
performance for seedlings derived from the same diameter seed size. We hypothesized that 
there should be species differences when comparing seedlings derived form the same 
diameter seed sizes. 
By studying the effect of seed size and parent-tree on seedling performance we might 
get some insights on how those factors are related, and how we could benefit by selecting the 
most promising seeds to directly seed a site, or produce more vigorous seedlings in nurseries. 
That could provide part of the solution to the problematic regeneration of these species, and 
reduce production costs in nurseries by promoting direct seeding instead of transplanting 
seedlings at the regenerated sites, simply by screening for larger seed sizes. 
In this study, we focused on comparing our results with past studies that deal with 
seed size within tree species, particularly Quercus spp. that are more pertinent to our research 
work. That is because seed size is a relatively variable, and any conclusions that could be 
drawn for the effect of seed size on seedling performance could be highly dependant on the 
genus and species studied; for example herbaceous as opposed to tree species and seeds with 
significantly different biochemical compositions. 
The species studied were Quercus alba (white oak), and Quercus macrocarpa (bur 
oak), both being in the subgenus of white oaks (Solomon, 1983). These highly valuable 
species face regeneration problems that are enhanced by their "recalcitrant" nature as mainly 
defined by the rapid loss of viability due to dehydration. Both species are characterized by 
hypogeal germination (cotyledons remain below ground), with reported mean seed size of 
3.024g and 6.048g dry weight for white oak and bur oak, respectively determined as 
stipulated in the Woody Plant Seed Manual (Olson, 1974; Hewitt, 1998). Both species shed 
their seeds in early fall. For white oak, radical protrusion occurs right after shedding, while 
the epicotyl remains dormant until in early spring. For bur oak, radical protrusion occurs in 
early spring after overwinter cold conditions that serve as a stratification treatment to break 
dormancy of the seeds (Olson, 1974). 
Material and Methods 
Seed collection 
Based on seed maturation characteristics of white and bur oak, seed collection was 
done under the crown of open grown trees located in Ames (I A) (42° 03' latitude, and 93° 64' 
longitude), in September 2001. For each species, at least ten trees were closely monitored 
until the time of seed shedding. Collections were made from the ground on a daily basis until 
the majority of the seeds were shed to guarantee proper seed maturation. After each day of 
collection, seeds were soaked in water overnight for rehydration purposes and to discard the 
majority of damaged and weeviled seeds (Bonner and Vozzo, 1987; Gribko and Jones, 1995). 
Each seed was checked very carefully for weevil or any other type of defects. For bur oak, 
the attached seed-cap was also removed with a knife, in order for both species to have similar 
physiological characteristics during experimental procedures (absence of seed-cap). Prior to 
the experiment, both bur and white oak seeds were cold stratified for 60 days by placing 
them in polyethylene bags (Glosling, 1989) and storing them in a walk-in cooler, with 
temperatures ranging from 3 to 5°C, to meet cold stratification requirements for bur oak. 
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Seed classification 
Seeds were separated based on their maximum diameter into 1 mm wide seed size 
classes by using digital calipers. For each species, the final number of parent trees that were 
used for the analysis was determined based on the ability of each tree to provide at least a 
total of 300 seeds for each seed size. For white oak, two parent trees gave a seed size class 
with three size ranges of 17-18 (17.5), 18-19 (18.5), and 19-20 (19.5) mm. For bur oak, two 
parent trees contributed to a "small" seed size class, while another set of three parent trees 
gave a "large" seed size class. The trees with "small" seeds gave five sizes ranges of 12-13 
(12.5), 14-15 (14.5), 15-16 (15.5), 16-17 (16.5), and 18-19 (18.5), while the trees with the 
"larger" seeds gave five size ranges of 17-18 (17.5), 19-20 (19.5), 20-21 (20.5), 21-22 (21.5), 
and 23-24 (23.5) mm. The seed size classes for bur oak seeds were selected to study as wide 
as possible seed size ranges for increasing the likelihood to observe any trends or differences 
that could be attributed to seed size effect. However, due to practical limitations during the 
experimental procedure we excluded a number of diameter sizes for the bur oak. 
Specifically, for "small" bur oak sizes we excluded seeds with 13-14 (13.5) and 17-18 (17.5) 
mm in diameter, and for the "large" bur oak sizes we excluded seeds with 18-19 (18.5) and 
22-23 (22.5) mm. 
Initial seed measurements 
After seed classification, a set of five seeds was selected from each species and size 
range to determine initial seed parameters of moisture content (MC), seed- (SFW), pericarp-
(PFW), embryo fresh (EFW) and embryo dry weight (EDW); embryo is defined by the 
embryo axis plus the cotyledon tissue. Seed drying was done in a conventional oven at 
103°C for 17 h (Bonner, 1981; ISTA, 1999). 
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Seedling performance measurements 
Chamber environment, 1-month growth 
For each seed size, a set of ten seeds was randomly selected to quantify seedling 
performance based on 1- and 3-month growth parameters and morphological attributes. 
Seeds were placed on trays that contained moist Kimpak ® paper, and were placed in a 
growth chamber under a diurnal cycle of 16 hours of dark at 20°C alternated with 8 hours of 
light at 30°C (ISTA, 1999). Seedling performance was determined at the end of the 1st month 
based on measurements of maximum root length (RL), root width (RW) just bellow the root 
collar, and epicotyl length (EL) all in mm by using digital calipers. 
Greenhouse environment, 2-months of additional growth 
After the first month of growth in the chamber, the same seedlings were transplanted 
to greenhouse conditions. There, they were grown for a period of 2 more months in Spencer-
Lemaire® book containers filled with standard greenhouse mixture of 9:4 Peat-vermiculite to 
Perlite. The dimensions of each cell that held a single seedling were 3.8 x 5.1 x 20.3 cm with 
a volume of 352 cm3. The seedlings were grown under uniform conditions and watered once 
every day until harvest day, with no application of fertilizer in order to quantify the 
contribution of cotyledon reserves to seedling growth. 
At the end of the 3 months, seedlings were harvested and growth was determined for 
the maximum root width in mm (RW), epicotyl length in mm (EL), leaf area in cm2 (LA), 
and number of first order later roots (FOLR). LA was determined by using a Delta T® area 
meter (Decagon Devices, Pullman, WA) that enabled measurements based on photographic 
images. The number of FOLR was defined as the total number of roots that were directly 
attached to the main taproot independent of root size. The biomass for the subdivided parts 
30 
of each seedling was determined by placing the samples in a convection oven for a period of 
7 days at 103±2°C. The total dry weight of the "above" ground seedling part (TDWup) was 
determined by quantifying the dry weight of the stem (SDW), and the leaves (LDW). The 
total dry weight of the "below" ground seedling parts (TDWdn) was determined by the dry 
weight of the tap (TDW) and the feeder (FDW) roots. The partitioning of the 
TDWup+TDWdn gave the total seedling dry weight (TSDW). The total dry weight of the 
remaining seed (TRSDW) was also determined by the dry weight of the remaining cotyledon 
(RCDW) and the pericarp (FDW) parts. 
For a sub-sample of 4 seedlings for each seed size, the total root area (cm2) and length 
(cm) of the feeder roots were also determined by using the ROOTEDGE software (Kaspar 
and Ewing, 1997) that quantifies area and length as the number of pixels occupied by the 
scanned root images. Prior to the analysis, the roots were stained by using a crystal violet 
solution (1 g of crystal violet in 100 ml distilled water) to increase contrast of the scanned 
images. 
Morphological variables that quantified and qualified seedling performance as related 
to seed size were also determined. Based on biomass partitioning we quantified the leaf-, 
stem-, feeder-, and tap- weight ratio as LWR=LDW/TSDW, SWR=SDW/TSDW, 
FWR=FDW/TSDW, and the TWR=TDW/TSDW, respectively. The root-to-shoot ratio 
(R/S=TDWdn/TDWup), and the specific leaf area (SLA=LA/LDW) were also estimated. 
Statistical analysis 
Analyses were done with the GLM procedure of SAS® V9.0. The data were 
evaluated by using a linear model having fixed effects for parent, seed size and their 
interaction. The error was assumed to be identically and independently normally distributed. 
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Individual comparisons between effects of interest were conducted with Mests. When 
applicable, p-values were adjusted for multiplicity of tests with Tukey's method. Pearson 
correlations were computed for all studied variables as determined based on initial seed 
measurements, 1- and 3-month-old seedling growth, and morphology. Linear regression 
models were used to determine the relationship between area of the feeder roots (dependant 
variable) and their dry weights (independent variable). 
Results 
Initial seed measurements 
There was a strong correlation between seed size classes and whole seed (embryo 
plus pericarp) fresh weight (r = 0.94 for "small" bur oak, r = 0.97 for "large" bur oak, and r = 
0.87 for white oak), embryo fresh weight (r - 0.89 for "small" bur oak, r = 0.95 for "large" 
bur oak, and r= 0.80 for the white oak), and cotyledon dry weight (r= 0.80 for "small" bur 
oak, r= 0.93 for "large" bur oak, and r = 0.7 for the white oak) for all seed size classes (Table 
1). This allowed us to separate seeds based on diameter-size classes as an easily estimable 
indicator highly related with the amount of food reserves that contribute to the seedling 
growth. The effect of seed size and parent tree was indicative for the initial seed variables, 1-
month growth of seedlings, as well as 3-month growth, and morphology of seedlings. 
Comparison among means indicated a significant decrease in MC as seed size 
increased for the "small" bur oak seed size classes. Although not significant, similar trends 
were noted for the "large" bur oak and the white oak seed size classes. The effect of parent 
tree was significant for the majority of the initial seed parameters (Table 1); exceptions were 
the SFW for all seed size classes, and the EFW for "large" bur oak. 
32 
Seedling performance measurements 
Chamber environment, 1-month growth 
The effect of seed size and parent tree on 1 -month-old seedlings grown under a 
growth chamber environment varied based on the studied variable: root width (RW), root 
length (RL), and epicotyl length (EL) (Figure 1). For "small" bur oak seed classes, seed size 
affected the RW and the EL, with significant positive correlation only for the RW. For the 
"large" bur oak seed classes, seed size was positively correlated to all variables (RW, RL, 
and EL), with differences among mean seed sizes for the RW and RL. For white oak, seed 
size negatively affected the RL and EL. The effect of parent tree was significant for the 
"large" bur oak and white oak size classes for all studied variables. 
Greenhouse environment, 2-months of additional growth 
When the 1-month-old seedlings were transplanted to a greenhouse environment and 
grown for 2 more months, the effect of seed size was significant for the majority of the 
studied variables (Figure 2). For "small" bur oak seed classes, seed size had an effect and 
was positively correlated with all studied variables: root width (RW), epicotyl length (EL), 
leaf area (LA), and first order lateral roots (FOLR). "Large" bur oak seed sizes were also 
positively correlated with all variables, with significant differences among means for the EL, 
LA, and FOLR. For white oak, seed size affected only RW, with that increasing as seed size 
increased. The effect of parent tree was significant for the "small" bur oak seeds for the RW, 
and FOLR, while for the "large" bur oak and the white oak it was significant for the RW and 
the LA, respectively. 
33 
Biomass 
The biomass results at 3 months of growth indicated a substantial effect of seed size 
on almost all studied variables (Table 2). For both, "small" and "large" bur oak, the effect of 
seed size was significant and positively correlated with almost all dry weight measurements. 
The non-significant exception was the feeder root dry weight (FDW) of "large" bur oak size 
classes. For the white oak, seed size had an effect on all the remaining seed parts (pericarp-
(PDW), remaining cotyledon- (RCDW), and total remaining seed- (TRSDW) dry weight). It 
also affected the above ground stem- (SOW) and total above ground - (TDWup) dry weight 
biomass, and the below ground FDW biomass, with a positive correlation of the FDW, 
TRSDW, and the FDW with seed sizes. For the "small" bur oak seed classes, the effect of 
parent tree was significant for all the variables related to the remaining seed parts, and the 
below ground variable of tap root dry weight (TOW). For the "large" bur oak, parent tree 
had an affect on PDW and TRSDW, the above ground SDW, and all the below ground 
variables. For white oak, all the below ground variables were also affected by parent tree in 
addition to the PDW. 
Morphological characteristics 
Based on the mean values of the variables that quantify some of the morphological 
characteristics of the seedlings, the majority of the dry weight in relation to the total seedling 
mass (TSDW) was greater for the tap root, followed by the leaf biomass (Table 3). The 
effect of seed size was significant for the specific leaf area (SLA) for all seed size classes for 
both species, and was negatively correlated to seed size for all size classes. For white oak, 
seed size affected the stem- (SWR), feeder root- (FWR), and tap root- (TWR) weight ratio, 
and the root to shoot (R/S) ratio, with the FWR and the TWR being positively and negatively 
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correlated to seed size, respectively. The effect of parent tree was significant for the SWR, 
and the TWR of the "small" bur oak seed classes, while for the "large" bur oak seed classes it 
affected the leaf weight ratio (LWR), FWR, and R/S ratio. For the white oak, parent tree 
affected all studied variables with the exception of FWR. 
Comparison among species 
Comparison between species for the same seed size (17.6, 18.5. and 19.5 mm) 
revealed differences mainly for the initial seed parameters and the primary growth, with 
white oak usually having the greater mean values (Figure 3). However, after a total growth 
of 3 months growth, differences among species were smaller and there was a shift to greater 
mean values for some parameters of bur oak. Initial seed measurements had significantly 
higher mean values for the white oak for all studied variables in all seed sizes, with no 
difference among species only for embryo dry weight (EDW) at 17.5 and 19.5 mm seed size 
and the embryo fresh weight (EFW) at 19.5 mm. 
Seedling growth, as recorded at the end of first month, indicated substantial 
differences among species when compared for the same seed sizes. The root length (RL), 
root width (RW), and epicotyl length (EL) had significantly greater mean values for the 
white oak compared to the bur oak for all seed sizes. The only exception was the EL for the 
seed size of 18.5 mm in diameter that showed greater values for the bur oak compared to the 
white oak. This difference continued after a period of 8 weeks of growth under a greenhouse 
environment, although not at a statistically significant level. 
At the end of the 3-months of growth RW was greater for the bur oak at the 17.5 mm 
seed size, while for the first order lateral roots (FOLR), it was greater for white oak in the 
18.5 and 19.5 mm seed sizes. Based on morphological characteristics, white oak had greater 
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mean values for the PDW for the 17.5 and 18.5 mm seed sizes, and the TWR for the 17.5 
mm seed size. Bur oak had greater values for the RCDW for all seed sizes, and the TRSDW 
and SDW for 19.5 and 18.5 mm, respectively. Although no other significant differences 
were observed among white oak and bur oak, the majority of the dry weights had greater 
values for the bur oak. 
Regression analysis 
When data were pooled for all studied species and all parent trees, it indicated there 
was a significant linear regression relationship (R2= 0.71, />value=<0001) between the area 
of feeder roots (dependent variable), and the dry weight of the feeder roots (independent 
variable) (Table 4). Regressions calculated for each species (all parents combined) were 
significant for both white (R2= 0.70, />value=<0001 and bur oak (R2= 0.71, />-value=<0001 ) 
(Table 4). Lines created for each seed size class (all parents combined), indicated a stronger 
relationship for the "small" bur oak classes (R2= 0.85,/?-value=<0001) followed by white 
oak (R2= 0.70, />value=<0001 )and the "large" bur oak (R2= 0.57, /?-value=<0001 ) size 
classes(Table 4). At the level of the individual parent tree, all fitted regressions were 
significant, with the exception of one of the white oak parent trees. 
Discussion 
A substantial number of variables based on initial seed measurements and seedling 
growth at 1 and 3 months were related to seed size. Parent tree effects that reflect the 
maternal effect on the seeds, also affected seedling performance. Also, the fact that there 
were species differences mainly at the level of the initial seed parameters and 1 -month 
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growth that diminish over extended growth periods of 3 months might reflect similarity 
between the bur and the white oak in subsequent growth. 
Initial seed measurements 
All the initial seed measurements were positively correlated to seed size with the only 
exception the seed moisture content (MC). However, the embryo dry weight was negatively 
correlated to MC for all seed size classes, with r= - 72 (p-value=0.001) for "small" bur oak, r 
= - 32 (p-value=0.005) for "large" bur oak, and r= - 57 (p-value=0.001) for white oak (see 
Appendix A/Table 5 in Iakovoglou, 2005). The negative correlation of the embryo dry 
weight (EDW) and the MC might reflect more condensed stored food reserves for the larger 
seed sizes. Daws et al. (2004) studied the effect of seed mass variation on critical water 
content for recalcitrant species, they found negative but not statistically significant slopes for 
the fitted equations relating the whole seed water content with the whole-seed dry mass for 
the initial seed measurements prior to subsequent desiccation. 
Growth (1 and 3 months) 
Seed size also affected seedling performance as recorded by growth, biomass 
partitioning and morphological attributes, with larger seeds performing the best. In relation 
to the studied species, bur oak indicated more clear trends in relation to seed size for both 
classes (Table 2, Figure 2). That could mainly be due to the wider range of seed sizes (5 
sizes) for the bur oak compared to white oak (3 sizes) that enabled us to better describe and 
understand seed size effects on seedling growth, biomass and morphology. Also, it might 
reflect different regeneration tactics among those species as expressed in the first month of 
growth. 
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For 1-month old seedlings, growth variables were positively correlated to seed size 
for bur oak size classes (root width (RW) for "small", and RW, root length (RL), and 
epicotyl length (EL) for "large" bur oak classes), while for white oak the correlation was 
negative for RL and EL. That might reflect different metabolic levels of those species, with 
larger bur oak seed sizes producing more new biomass compared to smaller seed sizes, while 
for white oak the opposite trend occurred. However, this negative trend for white oak 
reversed after an additional growth period of 2 months that resulted in a positive correlation 
between RW and seed size. 
For the bur oak size classes, the trend in increased seedling performance, measured 
by RW, EL, and leaf area (LA), with increased seed size continued until seedlings reached 3 
months of growth. That suggests that seed size affects early developmental seedling stages 
that continue for extended periods of growth (in our case 3 months). Similar results were 
obtained by Bonfil (1998) who studied the effect of seed size (in g) and herbivory in relation 
to survival and growth (height and leaf area) for 3 seed size classes for Quercus rugosa and 
Quercus laurina. He found that 1-month-old seedlings derived from larger seed sizes had 
greater height and leaf area with the effect of seed size being sustained even after a period of 
6 months of growth. Similar trends were reported for height and root collar diameter of 
Quercus rubra L. seedlings that were grown at three locations (Georgia, North Carolina, and 
Tennessee), based on 3 size classes (in g) with seeds derived from 20 parent-trees (Kormanik 
et al., 1998). Fitted regressions for Q. rubra also indicated increased height for 1-month old 
seedlings for seedlings derived from seed with a weight range of 1.46 to 6.23 g (Aizen and 
Woodcock, 1995). For Quercus mongolica var. grosseserrata, Seiwa (2000) also found an 
effect of seed size for seedling height growth that was sustained for 4 years under field 
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conditions. However, this trend was not evident for Juglans ailanthifolia based on 3 years of 
growth. He attributed the difference in the results between those species to different types of 
growth that is determinant for Q. mongolica var. grosseserrata and free for the J. 
ailanthifolia. Negi and Todaria (1997) also noted an increased seedling performance (height 
and root collar diameter) for seedlings derived from larger seeds (based on 3 size classes, in 
g) for the studied growth period of 3 and 6 months, for five tree species grown in Garhwal, 
Himalaya. For the tropical shade-tolerant tree species of Hymanea stilbocarpa Haynes, 
Malavasi and Malavasi (1995) also found greater height and root collar diameter for 3-
month-old seedlings for larger seed size classes based on length, but there was no effect on 
growth when seed size was classified by weight. Shepard et al. (1989) also determined 
similar trends based on three weight size classes of Chinese chestnut (Castanea mollissima 
Blume), with seedling height being recorded from the 7th until the 42d day of growth based 
on 7-day measurement intervals. However, contradicting results were noted by Singh et al. 
(1995) for 1 -year old seedlings of Quercus leucotrichophota A. Camus derived from three 
seed size classes based on length and width measurements, who found greater height and root 
collar diameter for seedlings derived from medium and small seed sizes, respectively. This 
contradicting result could reflect the physiology of that species due to its habitat (higher 
elevations 1,200-2,200 m) with greater metabolic rates of smaller seeds to benefit from the 
short growing season. 
Another growth parameter that was determined at the end of 3 rd month was number of 
first order lateral roots (FOLR, as defined in this text) that was positively correlated to seed 
size for the bur oak size classes. This could reflect an ability of those vigorous seedlings for 
further soil exploration for water and nutrients that could increase seedling success, even 
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under adverse field conditions. According to Thompson and Schultz (1995), transplanted 
1+0 Quercus rubra L. seedlings under field conditions that had more than 10 FOLR, defined 
as roots with >lmm in diameter, had better survival and seedling performance (height and 
root collar diameter). The same researchers, based on field measurements of 5-year-old 
trees, also determined that the minimum number of FOLR for good survivorship was 4 and 7 
for Quercus rubra and Junglans nigra L, respectively (Schultz and Thompson, 1996). A 
similar trend was observed in an 11-year study of Quercus rubra with better survival of 
transplanted seedlings that had larger numbers of FOLR (Kormanik et al., 2002). Although 
there is not a direct correspondence of the above studies with ours due to deviation in the 
definition of FOLR, the same effect should apply. 
The higher FOLR and RW of seedlings derived from larger seeds might reflect 
greater levels of root development that supported better above ground accumulation of LA 
that increases photosynthetic capacity. This suggests that larger seed sizes resulted in greater 
below- and above-ground seedling growth providing more efficient seedlings to better utilize 
above- and below-ground resources. 
Biomass 
The increased potential of larger seed sizes to produce more vigorous seedlings was 
also verified by increased below- and above-ground biomass, especially for bur oak size 
classes, with larger accumulation to the below-ground seedling part. Bonfil (1998) noted 
similar trends for biomass allocation for both Quercus rugosa Née and Quercus laurina 
Hump, et Bonpl., with larger seed sizes giving rise to seedlings with greater shoot, leaf, root 
and total biomass. Chacon and Bustamante (2001) also found greater seedling biomass of 8-
month-old seedlings for Cryptocarya alba derived from larger seed sizes (3.22 g) compared 
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to smaller sizes (0.12 g). For five dry-tropical tree species Khurana and Singh (2004) also 
determined greater biomass for 1-month and 3-month old seedlings derived from larger seed 
sizes (quantified by seed length, diameter, and weight) compared to smaller ones. Similar 
results were observed for Cercis canadensis L. on total seedling biomass with larger seeds 
(30-32.6 mg) accumulating the most dry weight compared to small seeds (19.7-29.5 mg) 
(Couvillon, 2002). In our study, although the 20 cm deep, 352 cm3 volume size of our 
containers posed limitations to the root growth, especially to the elongation of the taproot, 
there was still greater seedling root biomass as seed size increased. This probably results 
from both greater transfer of cotyledon reserves to the developing radical and from more 
autotrophic growth of the root system that is supported by the greater production of 
photosynthetic tissue in seedlings from large seeds. This is consistent with the nature of 
those species that tend to produce large taproots (Olson, 1974; Chaney and Brynes, 1993; 
Pallardy and Rhoads, 1993). Large taproots allow penetration in deeper soil layers were 
moisture might still be available under drought conditions (Stebbins, 1971). Also, it allows 
overcoming obstacles such as a thick litter that might be present at regenerated sites (Seiwa 
and Kikuzawa, 1996); with litter also benefiting the seeds by maintaining a moist 
microenvironment that prevents seed dehydration (Griffin, 1971). This study indicates that 
the taproots might not only serve as an anchorage tool, but also as an intermediate for further 
root proliferation as reflected by the increased dry weight of the feeder roots for both species, 
and the increased dimensions of the tap root [RW, and total dry weight (TDW)] for the bur 
oak seedlings derived from larger seeds. This is also supported by the positive correlation 
between the TDW and the number of FOLR (r = 0.54 and p-value= <0.0001 for "small", and 
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r= 0.34 and />-value=<0.0001 for "large" bur oak) that reflects the ability for further soil 
exploration (see Appendix A/Table 2 in Iakovoglou, 2005). 
Using dry weight is a reasonable surrogate for surface area that could reflect ability of 
nutrient and water uptake. Our study suggests that dry weight of feeder roots is strongly 
related to the surface area. So, more vigorous seedlings derived from larger seed sizes that 
had greater dry weight of feeder roots (FDW) had also higher root surface area available for 
water and nutrient uptake, benefiting seedlings under limited resource microenvironments. 
The benefit of increased surface area that resulted in the increase in lateral root dry weight 
was suggested by Burslem et al. (1996) for seedlings that experienced drought conditions. 
Nevertheless, the increased amounts of remaining seed reserves at the end of 3 
months as seed size increased, suggests that larger seed sizes can still benefit seedling growth 
even after the period of 3 months. The importance of the cotyledon tissue to growth was 
studied by Bonfil (1998) who found that Q. rugosa and Q. laurina seedlings that had their 
cotyledons removed at age of 1 month had reduced growth at the end of the 6th month 
compared to seedlings that retained their cotyledons. The fact that in our study the effect of 
seed size was more evident in bur oak compared to white oak could reflect greater metabolic 
levels of white oak seeds that depleted most of the seed reserves by the end of 3 months. No 
clear explanation was apparent for the fact that the 18.5 mm seed size had the least remaining 
amount of reserves at the end of 3 months of growth compared to the other seed sizes. 
For the bur oak seed size classes, similar trends were also observed for the above 
ground seedling biomass. Increasing total above ground biomass (TDWup) as well as its 
subparts of stem and leaf dry weight (SOW, and LDW) for seedlings derived from larger 
seeds might suggest an increased competitive ability for light capture. That is further 
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supported by the better correlation of the leaf are (LA) with the stem dry weight (SDW) (r= 
0.89, /?-value=<0.0001, and r = 0.83, p-value=<0.0001 for the "small" and "large" bur oak 
size classes) and the leaf dry weight (LOW) (r= 0.99, p-value=<0.0001, and r= 0.94, p-
value=<0.0001 for the "small" and "large" bur oak size classes) (Iakovoglou, 2005). 
Morphology 
The observation that specific leaf area (SLA) was negatively correlated with seed size 
for all seed size classes provides insights on the potential of the seedlings derived from larger 
seeds to overcome obstacles during establishment. Reduced SLA values indicate thicker 
leaves as reflected by more mesophyll layers that increase CO2 utilization. According to 
previous research, it has been suggested that lower SLA levels increase leaf life span (Reich 
et al., 1992; Reich, 1993), consequently this saves energy investment by producing leaves 
that would last and benefit the seedling for prolonged periods. Also, according to Khurana 
and Singh (2000) who studied the effect of seed size on seedling performance of Albizia 
procera under a high-to-low rainfall gradient, SLA values were reduced as rainfall levels 
decreased. This resulted in reduced susceptibility to wilting, increased leaf longevity, and 
reduced herbivory. That suggests that the ability of larger seed sizes associated with lower 
SLA levels could reflect predetermined ability of those seeds to produce seedlings that tend 
to tolerate water deficits, hence increasing potential regeneration success. 
Maternal effect 
The effect of parent was evident for a number of variables for all studied seed size 
classes. In bur oak, we had a set of parent trees that resulted in two distinctly different size 
classes. The relative contributions of parent tree genetics and environment can not be 
determined in our study, but Kormanik et al. (1998) did find a significant genetic component 
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to the parent tree (20 trees) and seed size (3 seed size classes in g) effects on seedling height 
and root collar diameter in Quercus rubra L.. Therefore, carefully pre-selecting parent trees 
might ensure larger seed sizes that should be associated with greater seedling vigor. For the 
small-seeded species Pinus sylvestris it was determined that although variation in seed mass 
was small within a collection from eight parent trees, both seed mass and parent tree affected 
growth in hypocotyls and stem length on 75 day-old-seedlings (Castro, 1999). However, by 
the end of the first year of growth only parent tree significantly affected growth as described 
by stem length, leaf area, and above and below ground biomass. 
Species differences 
When comparing species that had the same seed size, we observed differences 
primarily in the initial seed parameters and the 1-month-old seedlings. Beyond that point, 
these differences were narrowed. That implies that the studied species are very similar in 
terms of growth, biomass, and morphological characteristics. However, in terms of 
establishment for both species the differences in seed size and initial growth should be 
important. Nevertheless, we should not neglect the fact that multi-variable interactions could 
interfere negatively or positively with seedling establishment and growth under field 
conditions. By regenerating a site with larger seeds from carefully selected parent trees we 
should provide a greater potential material for seeding establishment and growth. 
Conclusion 
Overall, growth phenology, biomass partitioning, and morphology of seedlings 
derived from larger seed sizes suggest that they have a greater competitive advantage due to 
their characteristics to overcome adverse environmental conditions. The majority of the 
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growth measurements at the end of the 3-month growth period verify the superiority of larger 
seed sizes over smaller, with more distinct trends for the bur oak as opposed to the white oak, 
probably due to the wider range of seed size classes. However, we should keep in mind that 
the results could be affected by the species studied, as was the case in white oak that 
indicated unpredictable trends for some of the studied variables. In addition, although 
experimental conditions were selected to better serve the study, activities such as artificial 
removal of the seed-cap or cold stratification of white oak, might have also affected the 
observed results. 
Nevertheless by selecting "large" seeds from "good" parent trees, successful seedling 
establishment should be enhanced when practicing direct seeding, and ultimately, enhance 
regeneration success. The increased potential of more vigorous seedlings derived from larger 
seeds could benefit nursery practices, simply by discarding smaller seed sizes. However, we 
should account for other variables, such as increased herbivory levels and prolonged drought 
periods that could severely reduce establishment success even for the most vigorous 
seedlings derived from larger seeds 
Literature Citied 
Abrams, M.D. (2003). Where has all the white oak gone? Bioscience, 53, 927-939. 
Adams, A.S. and Rieske, L.K. (2001). Herbivory and fire influence white oak (Quercus 
alba L.) seedling vigor. Forest Science, 47, 331-337. 
Adams, A.S. and Copenheaver, C.A. (1999). Temporal variation in species recruitment and 
dendroecology of an old-growth white oak forest in the Virginia Piedmont, USA. 
Forest Ecology and Management, 124, 275-284. 
45 
Aizen, M. A. and Woodcock, H. (1996). Effects of acorn size on seedling survival 
and growth of Quercus rubra following simulated spring freeze. Canadian Journal 
of Botany, 74, 308-314. 
Alt, B.J., Fehr, W.R. and Welke, G.A. (2002). Selection for large seed and high protein in 
two- and three-parent soybean populations. Crop Science, 42, 1876-1881. 
Arthur, M.A., Paratley, R.D. and Blankenship, B.A. (1998). Single and repeated fires affect 
survival and regeneration of woody and herbaceous species in an oak-pine forest. 
Journal of the Torrey Botanical Society, 125, 225-236. 
Bonfil, C. (1998). The effects of seed size, cotyledon reserves, and herbivory on seedling 
survival and growth in Quercus rugosa and Q. laurina (Fagaceae). American Journal 
of Botany, 85, 79-87. 
Bonner, F.T. (1981). Measurement and management of tree seed moisture. Research Paper 
SO-177. New Orleans, LA: U.S.D.A., Forest Service Southern Forest Experiment 
Station, lip. 
Bonner, F.T. and Vozzo, J.A. (1987). Seed biology and technology of Quercus. General 
Technical Report SO-66. New Orleans, LA: U.S.D.A., Forest Service Southern Forest 
Experiment Station. 1 lp. 
Burslem, D.F.R.P., Grubb, P.J. and Turner, I.M. (1996). Responses to simulated drought and 
elevated nutrient supply among shade-tolerant tree seedlings of lowland tropical 
forest in Singapore. Biotropica, 28, 636-648. 
Castro, J. (1999). Seed mass versus seedling performance in scots pine: a maternally 
dependent trait. New Phytologist, 144,153-161. 
Chacon, P. and Bustamante, R.O. (2001). The effects of seed size and pericarp on seedling 
recruitment and biomass in Cryptocarya alba (Lauraceae) under two contrasting 
moisture regimes. Plant Ecology, 152, 137-144. 
Chaney, W.R. and Byrnes, W.R. (1993). Effect of seedling age and taproot length on 
performance of oak. Northern Journal of Applied Forestry, 10, 175-178. 
Cornelissen, J.H.C., Castro-Diez, P. and Hunt, R. (1996). Seedling growth, allocation and 
leaf attributes in a wide range of woody plant species and types. The Journal of 
Ecology, 84, 755-765. 
Couvillon, G.A. (2002). Cercis canadensis L. seed size influences germination rate, 
seedling dry matter, and seedling leaf area. HortScience, 37,206-207. 
46 
Daws, M.I., Gamene, C.S., Glidewell, S.M. and Pilchard, H.W. (2004). Seed mass variation 
potentially masks a single critical water content in recalcitrant seeds. Seed Science 
Research, 14,185-195. 
Delcourt, P. A. and Delcourt, H.R. (1998). The influence of prehistoric human-set fires on 
oak chestnut forests in the southern Appalachians. Castanea, 63,337-345. 
Feist, M.A., Philleippe, L.R., Busemeyer, D.T. and Ebinger, J.E. (2004). Vegetation survey 
of Dean Hills Nature Preserve, Fayette County, Illinois. Castanea, 69, 52-66. 
Foster, S.A. (1986). On the adaptive value of large seeds for tropical moist forest trees: A 
review and synthesis. Botanical Review, 52, 260-299. 
Foster, S.A. and Janson, C.H. (1985). The relationship between seed size and establishment 
conditions in tropical woody plants. Ecology, 66, 773-780. 
Gosling, P.G. (1989). The effect of drying Quercus robur acoms to different moisture 
contents, followed by storage, either with of without imbibition. Forestry, 62,41-50. 
Greenberg, C.H. and Parrelsol, B.R. (2000). Acorn production characteristics of Sourthem 
Appalachian oaks: a simple method to predict within-year acorn crop size. Research 
Paper SRS-20. Asheville, NC: U.S.D.A. Forest Service, Southern Research 
Station. 14pp. 
Gribko, L.S. and Jones, W.E. (1995). Test of the float methods of assessing northern red oak 
acorn condition. Tree planters ' Notes, 46, 143-147. 
Griffin, J R. (1971). Oak regeneration in the Upper Carmel Valley, California. Ecology, 
52, 862-868. 
Hendrix, S.D. and Trapp, E.J. (1992). Population demography of Pastinaca sativa 
(Apiaceae): effects of seed mass on emergence, survival, and recruitment. American 
Journal of Botany, 79, 365-375. 
Hewitt, N. (1998). Seed size and shade-tolerance: a comparative analysis of North 
American temperate trees. Oecologia, 114,432-440. 
Hochwender, C.G., Sork, V.L. and Marquis, R.J. (2003). Fitness consequences of herbivory 
on Quercus alba. The American Midland Naturalist, 150, 246-253. 
Iakovoglou, V. (2005). Desiccation and nitrous oxide storage effects on the recalcitrant seeds 
of Quercus alba and Q. macrocarpa. PhD Dissertation, Iowa State University, Ames, 
IA, USA. 
47 
ISTA (International Seed Testing Association). (1999). International rules for seed testing. 
Seed Science and Technology, 27, Supplement, 333pp. 
Johnson, S.L., Fehr, W.R., Welke, G.A. and Cianzio, S R. (2001). Genetic variability for 
seed size of two- and three-parent soybean populations. Crop Science, 41,1029-1033. 
Jurado, E. and Westoby, M. (1992). Seedling growth in relation to seed size among species 
of arid Australia. Journal of Ecology, 80, 407-416. 
Kaspar, T.C. and Ewing, R.P. (1997). ROOTEDGE: Software for measuring root length 
from desktop scanner images. Agronomy Journal, 89, 932-940. 
Khurana, E. and Singh, J.S. (2000). Influence of seed size on seedling growth of Albizia 
procera under different soil water levels. Annals of Botany, 86, 1185-1192. 
Khurana, E. and Singh, J.S. (2004). Response of five dry tropical tree seedlings to elevated 
CO2: Impact of seed size and successional status. New Forests, 27, 139-157. 
Kormanik, P.P., Sung, S.S., Kormanik, T.L., Schlarbaum, S.E. and Zarnoch, S.J. (1998). 
Effect of acorn size on development of northern red oak 1-0 seedlings. Canadian 
Journal of Forest Research, 28, 1805-1813. 
Kormanik, P.P., Sung ,S.S., Kass, D and Zarnoch, S.J. (2002). Effect of seedling size and 
first-order lateral roots on early development of Northern red oak on a mesic site: 
eleventh-year results. In Proceedings of the Eleventh Biennial Southern Silvicultural 
Research Conference General Technical Report, (eds. K.W. Outcalt), SRS-48, pp. 
346-351, Asheville, NC: U.S.D.A., Forest Service, Southern Research Station. 
Leishman, M R. and Westoby, M. (1994). The role of large seed size in shade conditions: 
Experimental evidence. Functional Ecology, 8, 205-214. 
Lloret, F., Casanovas, C. and Penuelas, J. (1999). Seedling survival of mediterranean 
shrubland species in relation to root:shoot ratio, seed size and water and nitrogen use. 
Functional Ecology, 13, 210-216. 
Malavasi, M.M. and Malavasi, U.C. (1995). Effect of seed size on seedling growth of 
shade-tolerant tropical tree (Hymanea stilbocarpa Haynes). Tree Planter's Notes, 46, 
130-133. 
Martinelli, A. and De Carvalho, N.M. (1999). Seed size and genotype effects on maize (Zea 
mays L.) yield under different technology levels. Seed Science and Technology, 27, 
999-1006. 
48 
McCarthy, B.C., Small, C.J. and Rubino, D.L. (2001). Composition, structure and dynamics 
of Dysart Woods, an old-growth mixed mesophytic forest of southern Ohio. Forest 
Ecology and Management, 140,193-213. 
McGee, C.E. and Loftis, C.J. (1986). Planted oaks perform poorly in North California and 
Tennessee. Northern Journal of Applied Forestry, 3, 114-116. 
Milberg, P and Lamont, B.B. (1997). Seed/cotyledon size and nutrient content play a major 
role in early performance of species on nutrient-poor soils. New Phytologist, 137, 
665-672. 
Milberg, P., Perez-Fernandez, M.A. and Lamont, B.B. (1998). Seedling growth response to 
added nutrients depends on seed size in three woody genera. The Journal of Ecology, 
86, 624-632. 
Negi, A.K. and Todaria, N.P. (1997). Effect of seed size and weight on germination pattern 
and seedling development of some multi-purpose tree species of Garhwal Himalaya. 
Indian Forester, 123, 32-36. 
Olson, D.F.Jr. (1974) Quercus L. Oak. In Seeds of Woody Plants of the United States, (eds. 
C.S. Schopmeyer), (technical pp. 692-703, U.S.D.A. Washington, D C. Handb. 
450pp. 
Osunkoya, O.O., Ash, J.E., Hopkins, M.S. and Graham, A.W. (1994). Influence of seed 
size and seedling ecological attributes on shade-tolerance of rain-forest tree species in 
Northern Queensland. The Journal of Ecology, 82, 149-163. 
Pallardy, S.G. and Rhoads, J.L. (1993). Morphological adaptations to drought in seedlings 
of deciduous angiosperms. Canadian Journal of Forestry Research, 23, 1766-1774. 
Reich, P.B. (1993). Reconciling apparent discrepancies among studies relating life span, 
structure and function of leaves in contrasting plant life forms and climates: The 
blind men and the elephant retold'. Functional Ecology, 7, 721-725. 
Reich, P.B., Walters, M.B. and Ellsworth, D.S. (1992). Leaf life-span in relation to leaf, 
plant, and stand characteristics among diverse ecosystems. Ecological Monographs, 
62, 365-392. 
Reich, P.B., Tjoelker, M.G., Walters, M B., Vanderklein, D.W. and Buschena, C. (1998). 
Close association of RGR, leaf and root morphology, seed mass and shade tolerance 
in seedlings of nine boreal tree species grown in high and low light. Functional 
Ecology, 12, 327-338. 
Rincon, E and Huante, P. (1993). Growth responses of tropical deciduous tree seedlings to 
contrasting light conditions. Trees, 7, 202-207. 
49 
SAS Institute, Inc. 2002. SAS/STAT User's Guide. Release 9.00 ed. Cary, NC. 
Saverimuttu, T. and Westoby, M. (1996). Seedling longevity under deep shade in relation 
to seed size. The Journal of Ecology, 84, 681-689. 
Schultz, R.C. and Thompson, J R. (1996). Effect of density control and undercutting on 
root morphology of 1+0 bareroot hardwood seedlings: Five-year field performance of 
root-graded stock in the central USA. New Forests, 13, 297-310. 
Seiwa, K. (2000). Effects of seed size and emergence time on tree seedling establishment: 
importance of developmental constraints. Oecologia, 123,208-215. 
Seiwa, K. and Kikizawa, K. (1996). Importance of seed size of the establishment of seedlings 
of five deciduous broad-leaved tree species. Vegetatio, 123, 51-64. 
Shepard, E., Miller, D.D. and Miller, G. (1989). Effect of seed weight on emergence and 
seedling vigor of Chinese chestnut. HortScience, 24, 516. 
Singh, V., Bana, OPS. and S ah, V.K. (1995). Influence of seed size and G A3 treatment on 
the germination and growth of banj oak (Quercus leucotrichophora A. Camus). 
Indian Journal of Forestry, 18, 66-73. 
Stebbins, G.L. (1971). Adaptive radiations of reproductive characteristics in angiosperms, II: 
Seeds and seedlings. Annual Review of Ecology and Systematics, 2, 237-260. 
Solomon, A.M. (1983). Pollen morphology and plant taxonomy of white oak in Eastern 
North America. American Journal of Botany, 70, 481-494. 
Sork, V.L., Bramble, J. and Sexton, O. (1993). Ecology of mast-fruiting in three species of 
North American deciduous oaks. Ecology, 74, 528-541. 
Stole, T.A. and Anderson, R.C. (1992). White-tailed deer browsing: species preferences and 
implications for central Illinois forests. Natural Areas Journal, 12, 139-144. 
Thompson, J.R. and Schultz, R.C. (1995). Root system morphology of Quercus rubra L. 
planting stock and 3-year field performance in Iowa. New Forests, 9, 297-310. 
50 
Table 1. The effect of seed size (SS), parent (P), and interaction (SS*P) on initial seed 
variables as described by seed- (SFW), pericarp- (PFW), embryo- (EFW) fresh and dry 
weight (EDW), and moisture content (MC) for each seed size class. Correlation (r) 
and the level of significance of seed size with each of the studied variables is also 
indicated. 
* Means with the same letter are not significantly different at p <0.05 
Initial seed measurements 
SFW PFW EFW EDW MC 
(g) (g) (g) (g) (%) 
"Small" bur oak 
Seed size (SS) 
12.5 1.19e* 0.50d 0.69c 0.27c 61.49ab 
14.5 1.83d 0.80c 1.03c 0.39c 63.94a 
15.5 2.38c 0.84c 1.54b 0.71b 55.29b 
16.5 2.81b 1.02d 1.79b 0.74b 59.81ab 
18.5 3.93a 1.34a 2.59a 1.16a 55.75b 
r 0.94 0.88 0.89 0.80 -0.27 
p -value <0001 <0001 <0001 <0001 0.057 
Parent (P) 0.639 <0001 0.015 0.015 0.001 
SS*P 0.018 0.143 0.094 0.022 0.009 
"Large" bur oak 
Seed size (SS) 
17.5 3.75e 1.26d 2.49e 1.36e 45.64a 
19.5 5.30d 1.74c 3.56d 1.99d 44.17a 
20.5 6.19c 2.02b 4.17c 2.29c 45.07a 
21.5 6.87b 2.15b 4.72b 2.62b 44.55a 
23.5 8.50a 2.66a 5.84a 3.23a 44.71a 
r 0.974 0.921 0.954 0.933 -0.096 
p-value <.0001 <.0001 <0001 <.0001 0.4104 
Parent (P) 0.080 0.030 0.700 0.040 <.0001 
SS*P 0.230 0.170 0.620 0.690 0.870 
White oak 
Seed size (SS) 
17.5 4.84c 1.96c 2.88c 1.5c 49.03a 
18.5 5.57b 2.15b 3.42b 1.75b 48.84a 
19.5 6.16a 2.38a 3.78a 1.94a 48.79a 
r 0.873 0.655 0.801 0.695 -0.034 
p -value <0001 <.0001 <.0001 <0001 0.859 
Parent (P) 0.440 0.009 0.006 <0001 <0001 
SS*P 0.470 0.487 0.685 0.404 0.132 
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Table 2. The effect of seed size (SS), parent (P), and interaction (SS*P) on 3-month old 
seedling biomass as described for the remaining seed parts that are pericarp- (PDW), 
remaining cotyledon- (RCDW), and total remaining seed (TRSDW) dry weight; the total 
seedling dry weight (TSDW) composed by the above ground parts that is the stem-
(SDW), leaf- (LDW), and the total-up dry weight (TDWup), and the below ground parts 
that is the feeder- (FDW), tap- (TDW), and the total down dry weight (TDWdn). 
Correlation (r) of the seed size with each studied variable is also indicated by the p -
value. 
Dry weights (g) 
Remaining seed Above ground Below ground 
PDW RCDW TRSDW SDW LDW TDWup FDW TDW TDWdn TSDW 
"Small" bur oak 
Seed size (SS) 
12.5 0.20d 0.01c 0.2 Id 0.07c 0.15d 0.21c 0.05b 0.37c 0.42c 0.63c 
14.5 0.30c 0.05bc 0.35c 0.1 Ocb 0.28cd 0.38bc 0.10b 0.67bc 0.77bc 1.15bc 
15.5 0.40b 0.09b 0.49b 0.1 lcb 0.33cb 0.44b 0.11b 0.75bc 0.86bc 1.30b 
16.5 0.41b 0.10b 0.50b 0.14b 0.46b 0.6b 0.12b 0.94b 1.06b 1.67b 
18.5 0.67a* 0.16a 0.83a 0.30a 0.73a 1.03a 0.34a 1.73a 2.07a 3.10a 
r 0.84 0.57 0.81 0.70 0.74 0.74 0.66 0.71 0.73 0.76 
p-value <0001 <0001 <0001 <.0001 <0001 <0001 <0001 <.0001 <0001 <0001 
Parent (P) <.0001 <0001 <0001 0.585 0.354 0.393 0.918 0.047 0.0676 0.103 
SS*P 0.077 0.002 0.074 0.717 0.046 0.133 0.471 0.773 0.681 0.527 
"Large" bur oak 
Seed size (SS) 
17.5 0.60e 0.80c 1.40d 0.28c 0.77b 1.05b 0.26a 1.41b 1.67b 2.72b 
19.5 0.83d 1.35b 2.18c 0.34cb 0.89b 1.23b 0.29a 1.54b 1.83b 3.05ab 
20.5 0.91c 1.47b 2.38c 0.37cb 1.01b 1.38b 0.33a 2.11a 2.44a 3.82a 
21.5 1.05b 1.62b 2.67b 0.44ba 1.33a 1.78a 0.30a 2.22a 2.52a 4.30a 
23.5 1.25a 2.31a 3.57a 0.50a 1.34a 1.83a 0.36a 2.33a 2.69a 4.53a 
r 0.81 0.59 0.71 0.43 0.47 0.48 0.17 0.44 0.43 0.49 
p -value <0001 <0001 <0001 <.0001 <.0001 <0001 0.038 <.0001 <0001 <.0001 
Parent (P) <0001 0.506 0.007 0.011 0.496 0.201 <0001 0.003 0.000 0.003 
SS*P <0001 0.003 0.003 0.084 0.130 0.106 0.220 0.052 0.060 0.029 
White oak 
Seed size (SS) 
17.5 0.70b 0.08ab 0.78b 0.26ab 0.67a 0.93ab 0.20b 1.45a 1.65a 2.57a 
18.5 0.81a 0.04b 0.85b 0.22b 0.65a 0.87b 0.27ab 1.60a 1.84a 2.71a 
19.5 0.87a 0.14a 1.01a 0.30a 0.80a 1.10a 0.30a 1.43a 1.73a 2.83a 
r 0.53 0.23 0.49 0.19 0.24 0.24 0.33 -0.02 0.05 0.14 
p -value <0001 0.079 <0001 0.153 0.067 0.070 0.010 0.895 0.680 0.296 
Parent (P) 0.028 0.788 0.086 0.110 0.551 0.992 0.008 0.000 <0001 0.003 
SS*P 0.040 0.013 0.002 0.831 0.779 0.779 0.102 0.054 0.082 0.153 
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Table 3. The effect of seed size (SS), parent (P), and interaction (SS*P) on the 
morphology of 3-month old seedlings as described for the leaf- (LWR), the stem-
(SWR), the feeder root- (FWR), the tap- (TWR) weight ratio, and root-to-shoot ratio 
(R/S), and the specific root area (SRA). Correlation (r) and the level of significance of 
seed size with each of the studied variables is also indicated. 
* Means of the same letter are not statistically different at a p <0.05. 
Ratios 
LWR SWR FWR TWR R/S SLA 
"Small" bur oak 
Seed size (SS) 
12.5 0.23a* 0.11a 0.09a 0.56a 2.04a 1697a 
14.5 0.25a 0.10a 0.08a 0.57a 2.03a 1590ab 
15.5 0.25a 0.09a 0.08a 0.58a 2.05a 1599ab 
16.5 0.29a 0.08a 0.07a 0.55a 1.87a 1547b 
18.5 0.24a 0.10a 0.11a 0.55a 2.06a 1523b 
r 0.080 -0.130 0.142 -0.076 0.121 -0.445 
p-value 0.442 0.210 0.171 0.465 0.245 <0001 
Parent (P) 0.059 0.028 0.507 0.026 0.063 0.317 
SS*P 0.074 0.998 0.929 0.279 0.276 0.133 
"Large" bur oak 
Seed size (SS) 
17.5 0.29a 0.10a 0.10a 0.51a 1.73a 1385a 
19.5 0.29a 0.11a 0.09a 0.51a 1.87a 1386a 
20.5 0.26a 0.10a 0.08a 0.55a 1.89a 1365ab 
21.5 0.31a 0.10a 0.07a 0.52a 1.50a 1228b 
23.5 0.30a 0.11a 0.08a 0.51a 1.49a 1255ab 
r 0.098 0.058 -0.180 -0.008 0.041 -0.248 
p-value 0.242 0.487 0.029 0.920 0.627 0.003 
Parent (P) 0.007 0.418 0.001 0.161 0.040 0.182 
SS*P 0.742 0.585 0.142 0.995 0.771 0.043 
White oak 
Seed size (SS) 
17.5 0.26a O.lOab 0.08b 0.57a 1.92ab 1599a 
18.5 0.25a 0.09b O.lOab 0.57a 2.20a 1556ab 
19.5 0.29a 0.11a 0.11a 0.49b 1.64b 1476b 
r 0.214 0.144 0.319 -0.312 0.228 -0.262 
p-value 0.101 0.272 0.013 0.015 0.080 0.044 
Parent (P) 0.005 <0001 0.275 0.002 0.0004 <0001 
SS*P 0.236 0.544 0.051 0.048 0.366 0.379 
53 
Table 4. Regression equations describing the relationship between the dry weight of 
the feeder roots (independent variable) and the area of the feeder roots (dependant 
variable) for all pooled data (all species and parents), for each species pooled data, 
and for each parent tree. Regression coefficients and p -values quantify the level of 
significance, while the intercept and slope are described by the accompaning 
p -values. 
Equation 
Pooled variables R2 p <value Intercept p <value Slope p <value 
All species & parents 0.7094 <0001 12.798 <0001 107.35 <0001 
Bur oak, all parents 0.7108 <0001 13.169 <0001 104.4 <0001 
"Small" bur oak, all parents 0.8528 <0001 4.4159 0.0149 147.49 <0001 
"Small" bur oak, parent 1 0.9059 <0001 1.5051 0.5176 180.11 <0001 
"Small" bur oak, parent 2 0.8617 <.0001 5.7877 0.016 126.51 <0001 
"Large" bur oak, all parents 0.5731 <.0001 23.146 <0001 82.59 <.0001 
"Large" bur oak, parent 1 0.6505 <0001 27.371 0.0003 74.27 <0001 
"Large" bur oak, parent 2 0.4035 0.0026 14.967 0.105 112.41 0.0026 
White oak, all parents 0.6967 <0001 11.125 0.0196 118.45 <0001 
White oak, parent 1 0.2095 0.1346 19.607 0.0036 36.417 0.1346 
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Figure 1. The effect of seed size on 1-month-old seedling growth as described by 
root width (mm), epicotyl length (mm), and root length (mm) for "small-", "large-" 
bur oak, and white oak seed size classes. Correlation (r) of seed size with each 
studied variable is also indicated, with p -value in parenthesis. 
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Figure 2. The effect of seed size on 3-month-old seedling growth as described by 
root width (mm), epicotyl length (mm), leaf area (cm2), and first order lateral roots 
(#) for "small-", "large-" bur oak, and white oak seed size classes. Correlation (r) 
of seed size with each studied variable is also indicated, with p-value in 
parenthesis. 
*Means with the same letter are not significantly different at p<0.05. 
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Figure 3. Differences between white and bur oak when comparing variables 
derived from the same seed size. Results are presented where at least one seed size 
indicated differences among species for the initial seed measurements, seedling 
growth at 1- and 3-month, and biomass and morphology variables. FOLR stands 
for first order lateral roots, and TRSDW for total remaining seed dry weight. 
* Means with the same letter are not significantly different at p <0.05. 
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CHAPTER 3. PHYSICAL AND STARCH SEED ALTERATIONS OF TWO 
RECALCITRANT QUERCUS SPP. DURING STORAGE IN 
NITROUS OXIDE (N20) ATMOSPHERES 
A paper to be submitted to the Seed Science Research 
Valasia Iakovoglou, Richard B. Hall, Allen D. Knapp, Manjit K. Misra, and Sue Duvick, 
Abstract 
Storage of recalcitrant seeds remains an unsolved problem. This study investigated 
the effects of nitrous oxide (N2O) on storage of recalcitrant oak seeds. Containers of 
Quercus alba and Quercus macrocarpa seeds were placed under three atmospheric 
treatments: air, 80/20% and 98/2% ofNzO/oxygen (O2). Every two weeks, a sample of seeds 
was used to evaluate seed-related variables such as respiration (R), moisture content (MC), 
seed- (SFW), pericarp- (PFW), and embryo- (EFW) fresh and dry weight (EDW). Another 
sample was placed in growth chambers to evaluate seedling performance (root length, root 
width, and epicotyl length), while the final sample was used for thermal starch analysis. 
Subsequent experiments were conducted to further investigate alterations in uptake/release of 
O2, N2O, and CO2 for white oak seeds when placed in closed flask-systems containing N2O. 
Analysis revealed a treatment effect on SFW and MC, with increased values for N2O 
treatments. Storage time had an effect on the mean values for most of the seed related 
variables. For white oak, seedling performance declined with storage time, while for bur oak 
it improved. In both species, seedling performance following N2O treatments was poorer. 
Starch thermal analysis also showed seed alterations during storage. The results suggest that 
N2O is effective in reducing seed metabolism during storage, but that more work is needed to 
find optimal conditions of N2O, O2, and perhaps, other storage gasses before a practical 
storage method can be developed. 
Introduction 
Storage of the recalcitrant seeds produced by a number of tropical fruit and timber 
tree species remains an unsolved problem. Those seeds do not complete maturation drying, 
as orthodox seeds do (Roberts, 1973), so seed moisture levels at dispersal are very high, 
while further desiccation that varies among species, results in loss of seed viability (Walters, 
2000). Seed deterioration due to dehydration and freezing sensitivity (below 0°C), in 
conjunction with episodic seed production for tree species such as the Quercus spp. (Sork et 
al., 1993; Greenberg and Parresol, 2000) pose limitations to long-term storage practices, such 
as germplasm conservation and consistent annual production of nursery seedlings. Although 
a lot of studies have evaluated the longevity of recalcitrant seeds under a number of 
experimental settings, such as different levels of seed moisture, temperature regimes, relative 
humidity, and atmospheric environments, optimal storage of recalcitrant seeds is still under 
investigation. 
Based on seed moisture levels, Schroeder and Walker (1987) demonstrated that fully 
hydrated (44%) Quercus macrocarpa L. seeds had higher germination after 6 months of 
storage than partially dried seeds (17, 27, and 37% moisture content). Similar trends were 
reported for Quercus robur L. (Gosling, 1989), and Quercus nigra L. and Quercus pagoda 
Raf. (Connor et al., 2002). Drew et al. (2000) also noted for the recalcitrant species of 
Trichilia dregeana Sond. that only 8 hours of drying (using silica gel) reduced the percent of 
germination to 4% after 8 days of storage at 16°C. Prichard et al., 1995 found that Araucaria 
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hunsteinii K. Schum. had a negative relationship in seed longevity with decrease in seed 
moisture content (45 to 30%) when stored at 6°C. Hydrated storage under low temperatures 
also showed positive effect on storage as revealed by percent of germination for chilling-
tolerant recalcitrant species such as Quercus spp (Suszka and Tylkowski, 1980; Bhardwaj et 
al., 2001; Connor et al., 2002). Connor et al. (2002) found better viability for extended 
period of time under -2°C storage compared to 4°C for Q. durandii Buckl., Q. pagoda, and 
Q. nigra, while -2°C negatively affected Q. virginiana Mill.. Suszka and Tylkowski (1980) 
reported storage of Quercus robur for up to 5 years at -1°C when seeds were placed in peat-
mull and sawdust to protect against desiccation. These different studies show that successful 
storage treatments will vary depending on the oak species studied. Bhardwaj et al. (2001) 
also determined better storage conditions at 5±1°C compared to 10±1°C for Quercus 
leucotrichophora A. Camus., when placed in polyethylene bags. Storage of recalcitrant 
temperate seeds in thin (0.1 mm) loosely tied polyethylene bags seemed to favor the seeds by 
allowing gas exchange and reducing the deleterious activity of fungus, while maintaining 
viability (Chin and Roberts, 1980; Rink and Williams, 1984). The effect of relative humidity 
on seed storage has also been studied for Quercus alba L. by Bonner and Vozzo (1987). 
They found better germination under storage of higher levels of relative humidity (95%) 
compared to lower (45%). Attempts have also been made for germplasm conservation by 
cryopreservation techniques (Pence, 1990; Chaudhury et al., 1991; Wesley-Smith et al., 
1992; Krishnapillay, 2001). Although this technique is very promising for seed banks, the 
recalcitrant behavior of these usually large size seeds (Chin et al., 1984) pose limitations for 
successful application of those techniques (Englemann et al., 1999). 
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Storage environments under altered atmospheres have also been proven to be of some 
benefit. For Quercus robur, greater amounts of carbon dioxide (CO2) in the storage 
atmospheres (3/15%, and 5/10% CO2/O2) had greater germination compared to lower 
amounts (1/2.5% CO2/O2) (Tylkowski, 1977). In this study, it is most likely that the lower 
amounts of O2 must have contributed to lower germination levels, since O2 is a critical factor 
in maintaining viability for recalcitrant seeds during storage (Tompsett, 1983; Szczotka, 
1978; Szczotka, 1984). He also studied the effect of seed storage at different levels of O2, 
and found greater germination at high O2 levels such as 21% as opposed to lower levels at or 
near 0%). The negative effect of reduced O2 levels during storage has also been observed by 
Szczotka (1978, 1984) for moist seeds of Quercus borealis Michx. and Quercus robur. 
Atmospheric nitrous oxide (N2O) balanced with oxygen (O2) storage environments 
also indicates promising results by maintaining viability for the recalcitrant seeds of Litchi 
chinensis Sonn. (lychee) and Dimocarpus longan Lour, (longan) under a storage environment 
of 100% relative humidity at 8 to 10°C (Sowa and Ross, 1991). At the end of 12 weeks of 
storage, treatments that combined 80/20% of N2O/O2 had higher germination for both lychee 
and longan (92, and 70% germination, respectively), compared to air (44 and 0%, 
respectively). There was a significant negative relationship between percent germination and 
time of storage for the air and the 100% N2O, but not for the treatment that combined N2O 
and O2. Sowa et al (1987) also showed that 30 min exposure to low levels of N2O (<20% of 
N2O) stimulated respiration for mitochondria particles of bean seeds, while high levels 
(>20% N2O) reduced respiration rates; bovine heart tissue also showed reduction in 
respiration for all N2O levels. Similarly, Sowa et al. (1990) also indicated reduction in 
respiration of bean seeds by 21.1% when seeds were exposed to N2O compared to the control 
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treatment (air) that utilized 34.82 nmol O2 per min per gram of fresh weight. Similar 
behavior was noted for carbon monoxide (CO) and deuterium (D2O) treatments with 15 and 
20.3% reduction of O2 uptake when compared to control treatment, respectively. Sowa et al. 
(1993) also indicated that the activity of cytochrome c oxidase was inhibited by 36% when 
seeds were exposed to 80% N2O balanced with O2. In this study (Sowa et al., 1993) they 
concluded that although germination was not affected by the 80% N2O treatment, seedling 
vigor was reduced as evaluated by seedling respiration and root length performance. 
The mode of action of this volatile, colorless, triatomic, linear molecule that is used 
as an anesthetic gas known as the "laughing gas" is not fully known (Einarsdottrir et al., 
1988). Sowa and Ross (1991) suggested that N2O binds with the cytochrome c oxidase that 
might be considered as a control point for the germination process. Cytochrome c oxidase is 
a protein in the mitochondria membrane that is the end point of electron flow that contributes 
to the production of H2O through O2 reduction that occurs in most aerobic organisms (Taiz, 
and Zeiger, 1998). Cytochrome c oxidase might have very wide catalytic abilities, so N2O 
could actually act as an oxygen donor that results in H2O production, similar to the way O2 
does. 
However, research indicates that N2O acts most likely by reducing electron flow from 
the cytochrome c oxidase to the O2 rather than acting as a donor to substitute for O2 (Dong et 
al. 1994). Dong et al. (1994) found that N2O introduced structural changes at the fully 
reduced cytochrome c oxidase. They also found that N2O interacted with the interior of the 
protein by introducing conformational changes that could be restored within 15 min under 
exposure to N2. 
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Although past research indicated some beneficial impact of N2O on storage of 
recalcitrant seeds, it also showed some contradicting results in terms of reduced seedling 
vigor (Sowa et al., 1993). More research needs to be done for a number of species to further 
understand the potential value of N2O for maintaining seedling vigor under long-term seed 
storage. By studying N2O, it might reveal a potentially better storage environment for 
recalcitrant seeds to further benefit germplasm conservation practices. Analysis of physical 
and biochemical (carbohydrate and lipid content) parameters could provide insights on if and 
how N2O interferes with seed metabolism under those storage conditions. 
In this study, we examine the effect of three atmospheric storage environments on 
seed metabolism as reflected by respiration levels, and seedling performance. We 
hypothesized that N2O treatments would reduce seed metabolism with no negative impact on 
seedling performance, and ultimately expand seed storage lifespan. Metabolic levels were 
quantified by respiration, seedling performance, and starch thermal properties. Subsequent 
experiments were also conducted to verify N2O uptake by the seeds and the effect of low O2 
levels on seed metabolism during storage. Furthermore, one experiment was conducted for 
seeds stored in closed, non-renewed atmospheric systems with atmospheric treatments of air 
and 98/2% N2O/O2. We hypothesized that as storage time progresses there would be an 
increase of N2O and O2 uptake, and CO2 release that could be due to fermentation when the 
system experiences levels of O2 depletion. The other two experiments were conducted to 
study closed atmospheric systems with renewal of the 98/2% N2O/O2 atmospheres taking 
place every 2 or 7 days to study O2 depletion. We hypothesized that the 2 day gas renewal 
would be adequate for non-depletion of O2, while the 7 day gas renewal might pose O2 
depletion problems. By studying storage under those atmospheres we might get a better 
63 
understanding of N2O effects on seeds when introduced into the storage environment. That 
might give some insights on possible storage treatments for germplasm conservation of those 
seeds, or recommend possible future research to answer new questions raised by our 
research. 
The study was conducted on two Quercus species with similar recalcitrant behavior 
but different physiological status (Olson, 1974). The species studied were Quercus alba 
(white oak) and Quercus macrocarpa (bur oak). Both produce chilling-tolerant, recalcitrant 
seeds characterized by hypogeal germination. Both species shed their seeds in early fall. For 
white oak, radical protrusion occurs right after shedding, while the epicotyl remains dormant 
until early spring. For bur oak, radical protrusion occurs early spring after overwinter cold 
conditions that serve as stratification to break seed dormancy (Olson, 1974). Sporadic seed 
production (Sork et al., 1993; Greenberg and Parresol, 2000), in conjunction with the 
"recalcitrant" nature of these highly valuable species that results in rapid loss of viability due 
to excessive dehydration or fungal problems during storage, pose significant limitations on 
practices such as germplasm conservation. 
Material and Methods 
Seed collection 
Seed collection was done under the crown of open grown trees located in Ames (IA) 
(42° 03' latitude, and 93° 64' longitude), in September 2001. For each species, at least ten 
trees were closely monitored until the time of seed dispersal. Collections were made from 
the ground on a daily basis until the majority of the seeds was shed to guarantee proper seed 
maturation. After each day of collection, seeds were soaked overnight for rehydration 
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purposes and to discard the majority of damaged and weeviled seeds that floated (Bonner and 
Vozzo, 1987; Gribko and Jones, 1995). Each seed was further checked very carefully for 
weevil or any other type of defects. For bur oak, the attached seed-cap was also removed 
with a knife. Prior to the experiment and until an adequate number of seeds was collected, 
both white and bur oak seeds were cold stratified for 60 days by placing them in polyethylene 
bags (Glosling, 1989), and storing them in a walk-in cooler with temperatures ranging from 3 
to 5°C in order to meet cold stratification requirements for bur oak. Cold stratification should 
result in break down of dormancy for bur and induce similar levels of metabolic activity 
between the bur and the white oak as reflected by the ability of the seeds to germinate when 
placed under proper growth chamber conditions. At the end of the 60 days, only white oak 
seeds that were still intact or slightly cracked with no radical protrusion were used, while all 
bur oak seeds were intact. 
For white oak, one parent tree provided adequate number of seeds to conduct the 
experiment, with maximum seed diameters ranging from 17-18 (17.5) to 19-20 (19.5) mm as 
measured with digital calipers. For bur oak, an adequate number of seeds were provided by 
pooling seeds from three parent trees, with seed sizes ranging from 18-19 (18.5) to 20-21 
(20.5) mm. 
Main experiment 
A total of three atmospheric treatments were used to study storage under different 
gaseous environments. One treatment was atmospheric air, a second treatment was 80% 
nitrous oxide (N2O) balanced with 20% oxygen (O2), and the final treatment was 98/2% 
N2O/O2. The 80/20% N2O/O2 treatment was selected for studying the effect of N2O during 
seed storage to allow comparison with the air treatments that retained equivalent amounts of 
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02. Also, this treatment would allow comparison with previous research work that indicated 
a positive effect of the 80/20% N2O/O2 on storage of recalcitrant seeds (Sowa and Ross, 
1991). At the 98/2% N2O/O2 treatment, the 2% O2 was selected to study the effect of a 
minimum percent of O2 during storage, since this percent represents the minimum 
requirements for mitochondria respiration (Taiz and Zeiger, 1998). For the N2O treatments, 
premixed gas tanks were used to ensure accuracy of mixed percentages of the N2O/O2. Each 
atmospheric treatment was inserted in a closed system of an airtight container with a vacuum 
connector; with the inner gas pressure maintained at a level of 1 atmosphere. The 
atmospheric gas was renewed every week by vacuuming the gas from each container for a 
period of 5 min, and refilling with the proper gas mixture for each treatment. At the base of 
each container, 10 cm3 of water were placed to retain 100% relative humidity in order to 
avoid dehydration of the seeds during the experimental storage time (Sowa and Ross, 1991). 
For each treatment, a total of three large diameter containers were randomly selected. 
The containers were two glass desiccators with plate-size of 230 mm (Pyrex Brand 
Desiccator®), and one plastic desiccator with plate-size of 250 mm (Bel-Art Scienceware 
Chemical-Resistant Vacuum Desiccator®). Each container had four trays, with each tray 
containing both white and bur oak species with adequate numbers of seeds to fulfill 
experimental requirements for the planned number of seeds to be removed at each sampling 
time. Sampling was conducted every two weeks, for a total of twelve weeks. Each sampling 
time, a tray from each of two randomly selected containers (out of a total of three available) 
was used to evaluate variables for each treatment. In between sampling times, the containers 
were stored in a walk-in cooler with temperatures ranging from 3 to 5°C to obtain best 
storage conditions that maintain low seed respiration (Szczotka, 1978; Greggains et al., 2000; 
66 
Conner et al., 2002). During each sampling time, the containers were temporarily exposed to 
room temperature in order to obtain seeds for testing and to renew the gasses. 
Initial seed measurements 
For each species in each treatment, each sampling time, a set of 5 randomly selected 
seeds was used to determine the initial seed variables, moisture content (MC)=[(seed fresh 
weight-seed dry weight)/(seed fresh weight)] *100, seed fresh weight (SFW), pericarp fresh 
weight (PFW), embryo fresh (EFW) and embryo dry weight (EDW). Seeds were placed in 
aluminum cans and dried in a convection oven at 103°C for 17 h, after following proper 
procedures for large and high moisture content seeds (Bonner, 1981; ISTA, 1999). Another 
random set of 5 seeds was used to evaluate respiration for each species in each treatment by 
using a Gilson Differential Respirometer (Gilson Medical Electronics, INC., Middleton, WI, 
USA) that quantified metabolic activity of the seeds by determining O2 uptake by the seeds 
based on manometric readings (Umbreit et al., 1964). To fit into the respirometer chamber a 
seed was split by removing one cotyledon. The remaining cotyledon was trimmed around 
the embryo axis to give an attached segment of cotyledon that was approximately 1 cm in 
length by 1 cm wide. Respiration was monitored for each seed for a period of 3 minutes 
every 15 minutes for a total of two hours. After respiration measurements, the embryo tissue 
(embryo axis plus cotyledon part) was oven dried (ISTA, 1999). The reported respiration 
rates are based on |xl of O2 uptake per minute per dry matter (jil O2 min"1 gr"1). 
Seedling performance measurements 
Each sampling time, for each treatment a total of 50 seeds (25 seeds from each of two 
randomly selected desiccators) were used to determine the percent of germination and 
seedling performance for each species. Seeds were placed on trays that contained moist 
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Kimpak paper, and were put in a growth chamber under a diurnal cycle of 16 hours of dark at 
20°C altered with 8 hours of light at 30°C (ISTA, 1999). Seedling performance was 
determined at the end of the second week based on measurements of maximum primary root 
width right below the root collar, primary root length, and primary epicotyl length all in mm 
as measured with digital calipers. 
Starch thermal analysis 
For each treatment, a total of 5 seeds were randomly selected to determine starch 
characteristics for each species. For each seed, the distal one third of both cotyledons was 
removed, with one cotyledon part being used for starch analysis. The rest of the embryo 
(embryonic axis plus the 2/3 of the cotyledons) was studied for germination results. 
Starch extraction was done as described by White et al., 1990. The cotyledon tissue 
was placed in a tube with distilled water and was homogenized by using a POLYTRON 
PT3100 (Kinematica AG, Luzernerstrasse 147a, CH-6014 Littaul Luzem, Switzerland) 
laboratory homogenizer equipped with a POLYTRON PT-DA 3012/2T generator. 
Homogenized cotyledon was screened through 30|im nylon mesh with mesh opening: 30pm, 
% open area:21, and thickness: 64pm (Spectramesh®Spectrum Laboratories Inc. Rancho 
Dominguez, CA, USA) the starch granules passed through the mesh into a collection flask 
and the residue (protein, fiber and starch aggregates) retained by the screen was discarded. 
Then the starch slurry was transferred to 250 ml beakers and allowed to settle for two hours 
in 4°C in a refrigerator. After two hours, the starch granules settled to the bottom of the 
beaker and the upper phase was decanted leaving a starchy substrate at the base of the 
beaker. The water was decanted, and the remaining starch was resuspended in distilled water 
and allowed to settle for one hour. This wash-settle-decant process was repeated three times, 
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and the remaining starch was air dried at room temperature with a fan circulating the air. The 
dried starch samples were scrapped out of the beakers and stored in glass vials. 
Differential scanning calorimeter (DSC) thermal analysis was accomplished by using 
a Perkin-Elmer DSC-7 attached with a thermal analyzer station (Perkin-Elmer Co., CT). 
Approximately 3.5 mg of the starch sample was weighed into an aluminum pan and 8 pi of 
distilled water was added before hermetically sealing the pans with a crimper press. The 
samples were equilibrated for 2 hours prior to analysis. To measure gelatinization events, 
samples were heated in the DSC from 30 to 110°C with a scanning rate of 10°C per minute. 
Data recorded from the thermal curve included: onset of gelatinization (ToG) in °C, peak 
temperate of gelatiniazation (TpG) in °C, and enthalpy (AHG) in J/g. The calculated values 
include: range of gelatinization RnG=2(TpG - ToG), and peak height index (PHI) as AHG/ 
(TpG-ToG). 
Subsequent experiments 
The same sampling protocol as the "main" experiment was followed for collecting 
seeds from an individual white oak parent tree in Ames, I A, in September 2003. Seeds were 
stored in polyethylene bags until the majority of the seeds were collected from the trees. In 
order to minimize seed size effect, only seeds with diameter range of 19 to 20 mm were used. 
Sets of 10 non-cracked seeds were placed in a glass flask (500 ml). The mean fresh weight 
of the 10 seeds per flask from the 28 flasks used for all subsequent experiments was 66.36 
grams (± 0.993). 
In order to determine the metabolic activity of the seeds, closed systems were created 
from the flasks by sealing their tops with a rubber stopper with a septum that allowed gas 
renewal and sampling. In order to enter the preferred gas mixture in the flasks, a manifold 
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was used to first vacuum the flasks for 5 minutes and continuously bathe them with helium to 
retain purity of the entered gasses. This procedure was repeated 3 times, and after the final 
helium purge the preferred gas mixture was inserted. 
Three subsequent experiments were conducted to further understand if there was any 
effect of N2O on seed metabolism in relation to levels of O2 uptake and CO2 release during 
the storage of the recalcitrant seeds of white oak. The first experiment was conducted to 
study O2 uptake, CO2 release, and N2O utilization by the seeds in "non-renewed" closed 
atmospheric systems until total O2 depletion. Two atmospheres were the main treatments, 
with one treatment having air as the inserted gas, and the other having a mixture of 98/2% 
N2O/O2. Each atmosphere was randomly assigned for a total of 7 flasks. Gas samples were 
taken every 2 days for the period of 2 weeks, and after that period samples were taken every 
7 days for a total of 3 weeks. 
Two more experiments were conducted to determine how rate of atmospheric renewal 
of the flasks affects quantitatively the gasses (O2, CO2, and N2O). Both of those experiments 
had as the inserted gas the 98/2% of N2O/O2, with each experiment having a total of 6 
randomly assigned flasks. For the one experiment, renewal of the gas was done every 2 days 
for a total period of 2 weeks. For the other experiment, renewal of the gas was done every 7 
days for a total period of 4 weeks. 
In each experiment, after renewal of the atmosphere, the percent of 02, CO2, and N2O 
were quantified by using a Tractor 540 gas chromatograph fitted with two stainless steel 
columns. One column CTR III (1.83 m long and 0.6 cm in diameter) allowed detection of O2 
quantities, while the other column (1.83 m long and 0.3 cm in diameter) that was packed with 
Poropak Q, 50-80 mesh (Supelco, Bellefonte, PA, USA), allowed detection of N2O and CO2 
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quantities. The gas carrier was Helium (He) at 30 ml min"1. The isothermal oven 
temperature was 35°C, and the detector temperature was 175°C. Prior to sample injections, 
the chromatograph was calibrated for O2, N%0, and CO2 by injecting 10 ml volumes of Scott 
Calibration Gases Mixture (Supelco, Bellefonte, PA, USA). After a period of 2 or 7 days, 
depending on the experiment, and prior to renewal of the atmospheres, we remeasured the 
amount of those gasses. By subtracting these two measurements for each gas it was possible 
to quantify and determine uptake or release of those gasses by the enclosed seeds. 
For all experiments, gas chromatography was used to analyze 10 ml gas samples from 
the flasks each sampling time in order to quantify amount of O2, CO2, and N2O. After each 
gas sampling time, an equivalent volumetric amount of He (10 ml) was reentered in the 
flasks to replace the amount of the extracted gas sample in order to minimize any pressure 
differences that would interfere with the measurements. 
Statistical analysis 
For the main experiment, the data were modeled with a linear mixed model having 
fixed effects for treatment, sampling time, and their interaction, and random effects for 
desiccator nested within treatment and the interaction term of sampling time by desiccator 
nested within treatment. Each error term was assumed to be identically and independently 
normally distributed. The different error terms were assumed to be mutually independent. 
Individual comparisons between effects of interest were conducted with /-tests. When 
applicable, p-values were adjusted for multiplicity of tests with Tukey's method. Analyses 
were done in the MIXED procedure of SAS® V9.0 (2002). Pearson correlations were 
computed to determine correlations among the studied variables. For the subsequent 
71 
experiments, we also computed the Pearson correlations for sampling time, O2 uptake, CO2 
release, and N2O uptake levels. 
Results 
Main experiment 
Initial seed variables 
Based on the initial seed variables, there was a treatment effect for the seed fresh 
weight for the white oak (Table 1), with the 80/20% N2O treatment having a smaller mean 
seed fresh weight of 0.3 g less compared to the other treatments. Also, there was a treatment 
effect for the moisture content of white oak, with 98/2% N2O treatment having greater mean 
value compared to the air (see Appendix B, Table 1 and 2 in Iakovoglou, 2005). Respiration 
measurements also indicated a treatment effect for the white oak; the air treatment had the 
higher mean value (9.4 O2 pi min'1 g'1) compared to the 80/20 and 98/2% N2O/O2 treatments 
(7.5 and 6.5 of O2 pi min"1 g'1, respectively) (Table 1). Time had an effect for the seed fresh 
weight, the pericarp and the embryo fresh weight, and the seed moisture content for both 
white and bur oak. An interaction effect of treatment and time was noted only for the 
moisture content of white oak. For both white and bur oak, there was a positive correlation 
with time for the embryo fresh weight (r = 0.208p=0.005, and r= 0.19/?=0.011, 
respectively), and the moisture content (r = 0.553 /t=<0001, and r= 0.397 /?=<0001, 
respectively) (Figure 1). Also for bur oak, there was a positive correlation with time for the 
seed fresh weight (r = 0.17 £>=0.0121). 
Based on seedling performance, there was a time and interaction (treatment*time) 
effect for all studied variables for white oak with mean values decreasing as desiccation time 
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progressed. This trend was further supported by the negative correlation that root length (r = 
- 0.25 p= <.0001), root width (r= - 0.381 p= <.0001), and epicotyl length (r = - 0.215 p-
<0001) had with time (Figure 2). For bur oak, time had an effect on the root and the epicotyl 
length that increased with time. These trends were verified by the positive correlation of the 
root (r= 0.249 p= <0001) and the epicotyl length (r= 0.278 p= <0001) with time. For both 
species, although not statistically significant, nitrous oxide treatments tended to have poorer 
seedling performance compared to the air treatment. Based on the linear models, 
germination results indicated a significant time effect only for the bur oak, and the 
correlation analysis of percent germination with time indicated an r = 0.762 with p-value 
<0001. 
Starch thermal variables 
Starch analysis indicated a treatment effect for the gelatinization peak onset 
temperature (ToG) and the gelatinization peak (TpG) for the bur oak (Table 1). Storage time 
had an effect for all studied variables for both species, with exception of the RnG variable. 
Sampling on the 6th week of seed storage indicated a substantial qualitative alteration in the 
starch variables (Figure 5, 6). An interaction effect was noted for white oak for all studied 
variables with the exception of the RnG. 
Subsequent experiments 
The cumulative results from the gas analysis of the closed non-renewed atmospheric 
system for the air treatment indicated a negative correlation of the 0% levels with time (r = -
0.847 p= <0001), until reaching total depletion levels at the 21st day of the experiment 
(Figure 3C). Levels of COi were positively correlated with time (r = 0.953 p = <0001) that 
continued even after total depletion of O2 levels. The cumulative results from the gas 
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analysis for N2O treatment had a similar pattern as storage time progressed. Oxygen levels 
were negatively correlated with time (r = - 0.684 p= <.0001), with oxygen reaching 
negligible levels by the ninth day (Figure 3A). Levels of CO2 were positively correlated with 
time (r= 0.989 p= <.0001), while N2O was negatively correlated (r= - 0.814 p= <.0001). 
The same non-renewed closed atmospheric system, based on rate of uptake or release 
per day rather than the cumulative results, indicated for the air treatment a negative 
correlation of O2 uptake (r = - 0.539p- <.0001) and CO2 release per day (r = - 0.458 p-
0.0003) with time (Figure 3D). For the N2O treatment, only rate of O2 uptake was negatively 
correlated with sampling time (Figure 3B). 
The subsequent experiment where renewal of the atmospheric gas (98/2% N2O/O2) 
was taking place every 2 days indicated a positive correlation with sampling time for the O2 
uptake (r = 0.265 p= 0.032) and the N2O uptake (r = 0.348 p= 0.004) (Figure 4A). In the 
remaining experiment, where renewal of the gas (98/2% N2O/O2) was taking place every 7 
days there was a positive correlation of CO2 release (r = 0.460 p= 0.024) and N2O uptake (r = 
0.477 p- 0.018) with sampling time (Figure 4B). 
Discussion 
It is evident that there is an effect of N2O on the metabolism of both white and bur 
oak seeds. However, physiological differences among the studied species resulted in 
different trends in respiration and seedling performance. Seed related variables, seedling 
performance, and the subsequent experiments, helped in understanding how the N2O related 
atmospheres interact with seed metabolism. Possible seed related stresses that might have 
been created during the experimental procedure are also addressed. In addition, it should be 
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noted that the pre-treatments of removing bur oak caps; cool, moist stratification; and the 
selection of white oak seeds without radical emergence might also have influenced the 
experimental results. 
Results related to seed variables indicated an increase in embryo fresh weight for both 
species. Moisture content also increased as time progressed for both species in all 
treatments, with the 98/2% N2O treatment for white oak having significantly greater moisture 
content as storage time progressed. Similar increases in moisture content were also observed 
by Sowa and Ross (1991) for lychee seeds when stored for 3 months under air and N2O 
treatments, suggesting that this might reflect physiological alterations of those seeds during 
storage. Orthodox seeds have moisture content levels as low as 8% after the maturation 
drying stage (Bewley and Black, 1994; Roberts, 1973). Increase in moisture content of 
orthodox seeds is related to increases in respiration. The greater metabolic rate of these seeds 
eventually initiates germination (Bewley and Black, 1994). In our study, both species are 
recalcitrant and maintain high moisture levels at dispersal time. Variation in moisture 
content among seed at dispersal might also result in variation in respiration. During storage, 
any further increase in seed moisture content might reflect metabolic malfunction of the 
seeds (i.e. fermentation process), or F^O-uptake from the immediate storage environment 
(i.e. high relative humidity). In our case, the increase in moisture content for white oak 
might be attributed to accelerated respiration levels that could have altered the storage 
atmosphere, resulting in increased H2O content of the seeds when stored under all three 
atmospheres. Tompsett (1983) also commented that rapidly respiring, recalcitrant, moist 
seeds stored in closed containers could alter the gas environment resulting in low O2 levels. 
Low O2 could induce fermentation, with one of the effects being an increase in seed moisture 
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content. However, bur oak seeds that indicated lower respiration levels also experienced 
similar increases in moisture content as storage time progressed. For the N2O treatments, if 
we assume that the N2O binds with the cytochrome c oxidase and reduces electron flow at the 
electron transport chain as reported by other researchers (Sowa et al., 1993; Dong et al., 
1994) that could stimulate increased activity of the alternative oxidase system that also has 
H2O as an end product (Giba et al., 1998; Taiz and Zeiger, 1998). Activation of the 
alternative oxidase might provide a path for the electron flow, but the produced energy 
(ATP) is less compared to normally functioning cytochrome c oxidase. Never-the-less, an 
increase in moisture content was evident for all treatments, although more evident for the 
N2O treatments, in particular the 98% balanced with 2% oxygen. That could indicate the 
activity of both the fermentation process due to low O2 levels during storage, and the 
interaction of N2O with the cytochrome c oxidase. Tompsett (1983) suggested that 
respiration under low O2 levels in addition to fermentation could also result in faster cellular 
damage that pose stress to the seeds and induce loss of viability. Also in our study, 
condensation of water vapor that occurred under cold storage might have contributed to the 
increased moisture content of the stored seeds, although not statistically evident from the 
seed fresh weight. 
Although increase in the fresh weight of the embryo occurred, there was no change in 
the embryo dry weight during the storage period of 12 weeks for both species. Any 
reduction in the embryo dry weight should reflect degradation of stored food reserves 
associated with seed metabolism during storage (Greggains et al., 2000; Piriz-Carrillo et al., 
2003). Greggains et al. (2000) also did not observe any change in the embryo dry weight for 
Quercus robur and Avicennia marina during a similar 12-week storage period. However, 
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storage after 10 months showed less than 3% reduction in dry weight for Quercus robur, 
while Castanea sativa had 5% reduction. That suggests that although the chilling tolerant 
recalcitrant seeds of Quercus robur and Castanea sativa metabolized during storage, they 
require a period of time until substantial degradation in food reserves is evident. Since our 3-
month storage time-frame was shorter than Greggains et al. (2000) 10 or more month period, 
it is not surprising that we detected no reduction in embryo dry weight. Also, variation in 
seed sizes during sampling from the parent tree could interfere with the ability to detect 
embryo dry weight differences during storage. In our study, although we maintained a 
narrow range of seed sizes in our experiments, different levels of degradation of food 
reserves due to seed size and different levels of metabolism might have interfered with the 
observed results leading to undetectable changes in the dry weight of the embryo during the 3 
months of storage. 
Based on our results, seed metabolism was also affected by the presence of N2O 
during storage. Although respiration measurements were made under air conditions for all 
treatments, both N2O treatments (80% and the 98% N20 balanced with 20, and 2% O2, 
respectively) had lower respiration rates compared to the air. In particular, the 80/20% N2O 
treatment that retained similar O2 levels with the air treatment had lower respiration rates that 
further support an effect of the prior N2O treatment on seed metabolism. Sowa et al. (1990) 
also found that bean seeds that were exposed to N2O reduced their respiration levels by 
21.1% in relation to the control treatment that utilized 34.82 nmol 02 per gram of fresh 
weight per min. However in our study, bur oak did not show an effect of N2O on the 
respiration rate during storage time. That could be attributed to the difference in the 
metabolic levels between those species, with higher respiration rates for white oak compared 
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to the bur oak (Iakovoglou, 2005). Szczotka (1978) found higher respiration rates (|il of O2 
per 200 mg of embryo axis tissue) for Quercus rubra (borealis) in the red oak subgenus 
compared to Quercus robur in the white oak subgenus when stored for 10 months in free-gas 
exchange containers at -1°C. Greggains et al. (2000) also noted a difference in respiration 
(based on CO2 evolution) between two chilling-tolerant recalcitrant species, with greater 
respiration rates for Castanea sativa compared to Quercus robur when stored under the same 
temperature and oxygen rich environments. Our results coincide with the nature of the 
studied Quercus species that reflect differences in their physiological status. White oak seeds 
are able to germinate right after shedding and are expected to have high metabolic rates, 
while bur oak seed must be brought out of dormancy of dormancy where they have low 
metabolic rates (Olson, 1974). In our case, the dormancy-effect posed a limitation to 
germination even when the seeds where cold stratified prior to the experiment. That is also 
confirmed by the percent of germination for bur oak that started at very low levels at the 
beginning of the experiment and gradually increased as storage time progressed (r= 0.762 
p= <0001). Similar germination trends were noted by Szczotka (1978) for Quercus rubra 
(borealis) that experience a type of dormancy similar to bur oak. However, increasing 
metabolic activity of bur oak seeds over time was not evident in respiration rates during 
storage. On the contrary, white oak showed high respiration rates at the beginning of the 
experiment and maintained relatively high germination percent throughout the storage 
period. 
Seedling performance, in terms of root length, root width and epicotyl length, 
indicated a negative relationship with storage time for white oak, while for bur oak it was 
positive. For white oak, the trend was observed for all treatments, but it was significant only 
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for the N2O treatments (Iakovoglou, 2005). However, germination results retained high 
levels for all treatments, with slightly lower, non-significant, levels for the N2O treatments 
during the 8th week of sampling. Similar results were obtained by Sowa et al. (1993) who 
also found reduced seedling performance based on root length measurements when seeds 
were exposed to N2O treatments (80/20% N2O/O2), while percent of germination was not 
affected. They suggested that reduction in seedling performance might be an indication of 
seed deterioration that could be attributed to the reduction of the cytochrome c oxidase 
activity that was a consequence of its interaction with the N2O. Our results also suggest an 
effect of N2O, since the N2O treatments attained lower levels in seedling performance 
compared to the air treatment for both the white oak and bur oak, although not statistically 
significant. Similar to Sowa et al. (1993), our results also suggest that the seeds have been 
exposed to stress that contributed to gradual seed deterioration as reflected by the reduced 
seedling performance during storage time for white oak. We believe that the closed system 
of the containers, with a change of atmospheric gas every week, might have posed stressed 
conditions induced by O2 depletion levels from the high metabolic white oak seeds, resulting 
in a reduction in seedling performance with increased time in storage. That was more 
evident for the N2O treatment balanced with 2% O2 that attained lower seedling performance 
trends for both white and bur oak. On the contrary, seedling performance for bur oak seeds 
showed an increased trend with storage time for all variables and all treatments. A 
significant positive correlation was noted for air treatment for all variables, and for the 
80/20% N2O/O2 treatment for root and epicotyl length (Iakovoglou, 2005). Results for bur 
oak suggest that, even though those seeds experienced O2 depletion levels similar to white 
oak in the same storage containers in between gas renewal times, bur oak seedling 
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performance was not reduced due to bur oak's lower overall respiration levels compared to 
white oak. However, both NaO treatments did show a decreasing level of respiration, 
seedling performance and germination over the storage period relative to the air treatment, 
especially for white oak (Figure 2). This suggests that once seeds are exposed to N2O, there 
is an interaction effect (Sowa et al., 1993; Dong et al., 1994) that might require a recovery 
period after exposure to N2O ceases. Future research might provide some insight on the 
binding ability of N2O that will enable further understanding of the effect of N2O on seed 
metabolism. Experiments related to frequent exposure of seeds to N2O might indicate how 
this gas is taken up and released by the seed. Experiments based on closed systems with 
continuous flow of gas mixtures would not only provide information on how N2O is taken up 
by the seeds, but also how other important gasses such as O2 might interact with seed 
metabolism, and affect N2O uptake. 
Our subsequent experiments provided crucial information not only on how seeds 
utilize O2, but also how that is interrelated to the other gasses that are present in the inserted 
atmospheres. Over time, in the air treatment in the closed, non-renewed systems both the 
rate of O2 uptake and CO2 release declined. During this decline there continued to be a 
positive correlation between O2 uptake and CO2 release (Figure 3D) (see Appendix B, Table 
10 in Iakovoglou, 2005). That suggests that anarobic fermentation was not playing a 
significant role in seed metabolism. Szczotka (1978) also found a reduction in O2 uptake for 
both Quercus rubra (borealis) and Quercus robur during storage time, when seeds were 
placed under closed non-renewed containers that retained air as the stored gas. Cumulative 
results on the closed, non-renewed system with 98/2% N2O/O2 treatment showed that as time 
progressed there was an increase in N2O uptake by the seeds that is positively correlated with 
the O2 uptake (r = 0.379 p=0.01) and negatively with the CO2 release (r = - 0.78 /?=<0001) 
levels (see Appendix B, Table 9 in Iakovoglou, 2005). Results on rates of uptake also 
indicate N2O uptake with variation in the magnitude of uptake throughout the storage time of 
37 days. As revealed from the rate of O2 uptake, seeds cease to utilize O2 by the 11th day. 
However, CO2 levels do not decrease, suggesting a shift towards fermentation processes that 
result in the continuous accumulation of CO2. Tompsett (1983) also indicated fermentation 
occurred (based on presence of ethanol levels) for the recalcitrant species of Araucaria 
hunsteinii K., with greater fermentation levels when seeds were stored under closed systems 
that contained 1% O2 (ethanol of 317.7 mg 100 g"1) compared to 5% O2 levels (ethanol of 8.3 
mg 100 g"1). The increased accumulation of CO2, especially for the 98/2% N2O/O2 
treatments, indicated that renewal of the gas atmospheres for the main experiments should 
have been more frequently renewed than every 7 days to avoid O2 depletion levels that could 
have posed stress on the stored seeds. 
That is also evident by the subsequent experiment where renewal of gasses was done 
every week for the 98/2% N2O/O2. In this case, although total O2 depletion does not occur, 
the rate of O2 utilization did not increase while CO2 levels increased with storage time (see 
Appendix B, Table 11 in Iakovoglou, 2005). That probably indicates a shift to the 
fermentation pathway caused by O2 deficiencies. When renewal of gas was performed every 
2 days, O2 levels were not as reduced as when the atmosphere was renewed every 7 days. 
That allowed a gradual increase in 02 uptake with storage time, as opposed to no increase in 
O2 uptake with storage time when renewal was taking place every 7 days, indicating 
increased metabolism of those seeds during the storage period that was also associated with 
an increase in CO2 (see Appendix B, Table 11 in Iakovoglou, 2005). 
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Biochemical alterations as reflected by qualitative starch analysis indicated a 
treatment effect for the peak onset and the peak temperature of starch gelatinization only for 
the bur oak, with higher values for the 98/2% N2O/O2 treatment. That might be because the 
specific genotype of the one white oak parent tree used in this experiment was not as 
sensitive as the pool of seed sizes from the 3 parent trees for the bur oak. Iakovoglou (2005) 
indicated that qualitative starch properties were affected by specific seed size and parent tree. 
White et al. (1990) also indicated differences in starch quality within and among maize 
populations. During storage time, there was a substantial alteration in the qualitative starch 
variables during the 6th week of sampling. As reflected by the results, there is an increase in 
the peak onset and the peak temperature of starch gelatinization, while the enthalpy and the 
peak height values declined for both white and bur oak. That indicates that during that 
storage time the seeds metabolize starch that is qualitatively different compared to the other 
sampling times, as reflected by the starch variables for both species. Alteration in the starch 
quality during the 6th week coincides with a burst in the respiration rates for both species that 
reflects increased metabolic activity of the seeds. The altered metabolic levels of the seeds 
might indicate increased demand for energy that is related to the qualitative change in the 
starch content from the breakdown of more complex carbohydrates, such as amylopectine 
instead of amylose. This suggests that biochemical analysis might allow detection of the 
point of depletion of readily available sugars and the further break down of more complex 
carbohydrates in relation to increased respiration levels. 
Our research suggests an effect of N2O on the storage of the chilling-tolerant 
recalcitrant species of white and bur oak that supports our original hypothesis. However, 
seedling performance indicated a negative effect of storage time for white oak and a positive 
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for the bur oak, with poorer seedling performance for the N2O treatments in both species. 
That suggests that the effect of species should not be neglected in order to fully understand 
the use of N2O. Future research is needed to further understand the effect N2O on seed 
storage. Experiments related to closed systems with continuous flow of gas mixtures would 
provide important information on how N2O might be taken up and/or released based on seed 
metabolic levels. Additional information on other gasses, such as O2, should provide insights 
on how those gasses interact with N2O, and how they affect seed metabolism. Experiments 
related to frequent exposures of stored seeds to N2O should provide information on the 
quantitative amount of N2O that might be sufficient to affect seed metabolism in a way that 
increases storage time of the recalcitrant seeds. 
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Table 1. Level of significance of treatment (TRT), time of storage (T), and their 
interaction (TRT*T) on seed related variables, seedling performance, and starch thermal 
properties. Seed related variables include seed- (SFW), pericarp- (PFW), embryo- fresh 
(EFW) and dry weight (EDW), moisture content (MC), and respiration. Seedling 
performance is based on 2 weeks growth. 
White oak Bur oak 
Treatment Time Interaction Treatment Time Interaction 
Variables (TRT) (T) (TRT*T) (TRT) (T) (TRT*T) 
Seed related 
SFW (g) 0.0186 0.0260 0.1601 0.2985 0.0001 0.8314 
PFW (g) 0.1331 0.0087 0.3820 0.2833 0.0002 0.6677 
EFW (g) 0.0739 0.0354 0.2104 0.2953 0.0012 0.9204 
EDW (g) 0.1106 0.3123 0.0973 0.4056 0.2998 0.6482 
MC (%) 0.0360 <0001 0.0238 0.9023 <0001 0.3788 
Respiration (gl 02 min"1 g"1) 0.0026 0.1319 0.8828 0.5077 0.0758 0.2870 
Seedling performance (week 2) 
Root length (mm) 0.3142 0.0002 0.0236 0.0698 0.0046 0.2685 
Root width (mm) 0.7223 0.0003 0.0330 0.6370 0.0871 0.8132 
Epicotyl length (mm) 0.5711 0.0050 0.0146 0.0988 0.0005 0.0994 
Germination (%) 0.0569 0.0848 0.6109 0.3738 <0001 0.9435 
Starch thermal properties 
Onset gel. ,ToG (°C) 0.4224 0.0002 0.0133 0.0359 0.0004 0.2214 
Peak gel., TpG (°C) 0.4575 0.0008 0.0407 0.0577 0.0040 0.1605 
Enthalpy, AHG (J/g) 0.4250 <.0001 0.0112 0.1765 <.0001 0.3026 
Range gel., RnG (°C) 0.8574 0.2804 0.5292 0.2668 0.1308 0.5383 
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Figure 1. Alteration of seed related variables during storage time for the 
atmospheric treatments of air, 80/20% and 98/2% N20/02. 
Correlation values are also provided (p -values in parenthesis); NS refers to non­
significant correlations at p <0.05. 
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Figure 2. Alteration in respiration, percent germination, and seedling performance 
(root length and width, and epicotyle length based on 2 weeks of growth in the 
growth chamber) during storage time for the air, 80/20%, and 98/2% N20/02 
treatments. 
Correlation values are also provided (p -values in parenthesis); NS refers to non­
significant correlations atp <0.05. 
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Figure 3. Cumulative amount of 02, N20, and C02 based on closed, non-renewed 
atmoshperic systems of 98/2% N20/02 (A), and air (C). Rates of 02 and N20 
uptake (negative numbers), and C02 release (positive numbers) per day for the the 
N20 (B), and air (D) treatment. 
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Figure 4. Rates of 02 and N20 uptake (negative numbers), and C02 release 
(positive numbers) per day on closed systems with atmospheric mixture of 98/2% 
N20/02 that were renewed every two (A) and every seven (B) days. 
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Figure 5. Alteration of starch related variables during storage time for the 













Figure 6. Alteration in starch thermal properties of white oak for the air (A), the 
80/20% N20/02 (B), and the 98/2% N20/02 (C) treatments for storage time of 4 
(gray line), 6 (thin-black line), and 8 (thick-black line) weeks. 
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CHAPTER 4. EFFECT OF PARENT TREE, SEED SIZE AND TIME OF 
DESICCATION ON SEED-RELATED VARIABLES, SEEDLING PERFORMANCE 
AND STARCH THERMAL VALUES FOR QUERCUS MACROCARPA 
A paper to be submitted to Tree Physiology 
Valasia Iakovoglou, Richard B. Hall, Manjit K. Misra, Allen D. Knapp, and Sue Duvick 
Abstract 
Sensitivity to desiccation is the main characteristic of recalcitrant seeds that poses 
limitations to regeneration and storage practices. The scope of this study was to investigate 
the effect of parent tree, seed size, and desiccation time on seed-related variables, seedling 
performance, and starch thermal values. We hypothesized that desiccation time would 
negatively affect seed-related and seedling performance variables, while starch thermal 
variables would also be altered. Also, we expected to find an effect for parent tree, but not 
for the seed size because a narrow range of seed size was available for this study. Two 
parent trees with distinctive pericarp characteristics (wild type parent, and modified pericarp 
parent), and two seed sizes (19.5 and 20.5 mm in diameter) for each parent were selected. 
After collection, seeds were placed in a room with ambient relative humidity, and 
temperature >21°C to desiccate. Every two days, a sample of seeds was used to evaluate 
seed-related variables: respiration, moisture content, seed-, pericarp-, and embryo- fresh and 
embryo dry weight. Another sample was placed in growth chambers to evaluate seedling 
performance (root length, root width, and epicotyl length), while another sample was used for 
starch analysis. An effect of parent tree and seed size was revealed for almost all seed-
related variables and for the onset of starch gelatinization, with larger values for larger seeds. 
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Parent tree also affected seedling performance, with larger values for the wild type parent. 
Time of desiccation negatively affected the majority of the studied variables. Desiccation 
after the 6th day also started reducing the percent of germination. Our results suggest that 
regeneration success could be enhanced by proper parent tree and seed size selection, since 
those variables could delay the deleterious effects of desiccation. Finally, starch thermal 
properties proved to be sensitive indicators in tracking metabolic alterations during 
desiccation. 
Introduction 
Recalcitrant seed behavior poses a limitation to direct seeding practices, germplasm 
conservation (Pence, 1992), and nursery storage, for high value species such as Quercus spp. 
(Olson, 1974). "Recalcitrant" seeds do not undergo the stage of maturation drying, so they 
maintain hydrated condition at shedding time, and are characterized by their sensitivity to 
desiccation that results in viability loss upon drying (Roberts, 1973). Chilling sensitivity is 
another characteristic of some recalcitrant seeds that degrades seed vigor when they are 
exposed to low temperature, although level of chilling sensitivity varies among species. In 
contrast, orthodox seeds that undergo the maturation drying stage, can be dried to moisture 
contents as low as 8%, and stored under subzero temperatures (Roberts, 1973). Although 
research has addressed alterations in physical and biochemical characteristics that occur 
during desiccation, still, more research needs to be done to better understand "recalcitrant" 
seed behavior. In addition, identifying variables that can be used as indicators of the onset of 
seed degradation levels during desiccation should be further explored for a wider spectrum of 
recalcitrant species. 
Research has addressed the effect of drying rates on seed vigor as reflected by percent 
germination and electrolyte leakage for a number of recalcitrant species such as Avecinnia 
marina (Forssk.) Vierh. (Farrant et al, 1985; Farrant et al, 1993), Quercus nigra L. (Bonner, 
1996), Ekebergia capensis Sparrm. (Pammenter et al., 1998), Theobroma cacao L. (Liang 
and Sun, 2000), and Artocarpus heterophyllus Lamk. (Wesley-Smith et al., 2001). 
Independently of the drying rate, it has been suggested that as desiccation progressed, there 
was a reduction in seed viability, and an increase in cell damage as reflected by higher levels 
of electrolyte leakage. Although there was substantial variation among studies regarding the 
drying techniques and the tissue (i.e. whole seed, or axes) that was subjected to drying, it was 
generally concluded that rapid drying rates could be used to lower seed moisture content 
while maintaining greater viability compared to slower drying rates. That implies that rapid 
drying reduces the time at which seeds are exposed to deleterious reactions that occur due to 
unregulated metabolism at certain moisture levels that eventually leads to loss of seed 
viability. 
It has been suggested that those deleterious reactions, include increased levels of lipid 
peroxidation and free radicals, caused by unregulated metabolism due to inability of the 
recalcitrant seed to depress metabolism during desiccation, while production of free radical-
scavenging enzymes also decreases (Chaitanya and Naithani, 1994; Li and Sun, 1999; 
Greggains et al., 2001). These ideas have been confirmed by Finch-Savage et al. (1993) and 
Lin and Chen (1995) for the recalcitrant species of Quercus robur L. and Machilus 
thunbergii (Sieb.and Zucc.), respectively. They also indicated that seed metabolism as 
reflected by respiration rates declined as desiccation progressed. Leprince et al. (1999), who 
studied the effect of desiccation on cotyledon and axes tissue of Castanea sativa Mill., also 
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found reduced respiration rates as desiccation progressed. However, they noted contrasting 
patterns in respiration responses between the cotyledon and the embryo axis tissue. 
Cotyledons initially increased in O2 uptake with drying from a moisture content of 66% to 
50% and then declined in respiration upon further drying. Embryo axes had a continuous, 
but non-linear, decline in respiration. Walters et al. (2001) suggested that both recalcitrant 
{Camellia sinensis L.) and orthodox seeds (Pisum sativum L.) were severely damaged under 
slow drying for seeds when they retained a low water potential (-3 MPa) that was 
accompanied by an O2 consumption that exceeded 1000-5000 //mol O2 g"1 dry mass. Based 
on these results, they suggested that slow drying induces an ageing-stress in both recalcitrant 
an orthodox seeds. 
The deleterious effects of desiccation have also been determined on seedling 
performance. Bhattacharyya and Basu (1992) noted reduction in seedling performance for 
the recalcitrant species of jackfruit (Artocarpus heterophyllus Lam.) based on 35 day growth 
of root and shoot length. Raja et al. (2001b) also noted similar trends during desiccation in 
seedling growth as reflected by root and epicotyl length for avocado (Persea Americana 
Mill.) seeds. However, Raja et al. (2001a) found contradictory results for arecanut (Areca 
catechu L.). They show that partial drying up to 8 days increased seedling root and epicotyl 
length, as well as the overall seedling dry weight, while further dehydration negatively 
affected seedling growth. Seeds of the recalcitrant species of cocoa (Theobroma cacao) that 
were subjected to 4 days of desiccation had a reduction in seedling performance as recorded 
by seedling growth, growth rate, and germination, while there was an increase in electrolyte 
leakage (Toruan et al., 2000). 
Toruan et al. (2000) also found alteration of carbohydrate levels during desiccation, 
with sucrose, raffinose, and arabinose levels being increased as desiccation progressed for 
cocoa (Theobroma cacao) species. For Quercus alba L., Connor and Sowa (2003) found 
increased levels of sucrose in the embryo axis and the cotyledon tissue when seeds were 
exposed to dehydration stress, but as desiccation progressed, the axis retained greater 
amounts of sucrose compared to cotyledon tissue. They suggested that the increased 
amounts of sucrose did not prevent viability loss, but it served as protective substrate against 
cell wall damage. Lin and Huang (1994) who studied the effect of desiccation for 16 species 
concluded that the ratio of oligosaccharides:sucrose was not the reason for the short life-span 
of recalcitrant species. However, Steadman et al. (1996) suggested that the sucrosyl-
oligosaccharide (raffinose and stachyose): sucrose ratio was a good indicator for categorizing 
seeds as orthodox, or recalcitrant with ratio values of >0.143 and <0.083, respectively. 
Starch thermal analysis has also been used as an indicator to address alteration in 
starch quality based on heat flow profiles (thermograms), with research focusing on corn 
developmental stages (Ng et al., 1997). These profiles can be characterized by their position 
(e.g. onset, and peak temperatures), shape (wider bases related with a wide range of 
temperatures), and the size (based on energy of the reaction), and can be substantially 
affected by the quality of the analyzed starch indicating metabolic alterations in seeds. 
Starch is the main carbohydrate reserve for the recalcitrant species of Quercus spp (Bonner 
and Vozzo, 1987), and it mainly consists of amylose and amylopectin polymers (Whistler 
and Daniel, 1984). Starch granule properties can be affected by both the amylose/ 
amylopectin ratio and the low/high molecular weight of glucose linear chains, resulting in 
alteration of starch properties such as gelatinization. Gelatinization is defined as 
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the collapse of molecular orders, where amylose tends to leach, while amylopectin becomes 
hydrated. Different types of starch have different types of behavior when gelatinized. For 
example, larger granules require longer time to complete gelatinization (Koch and Jane, 
2000). Also, larger amounts of amylopectin that can be found in waxy corn mutants (less 
than 1% amylose), have higher onset and peak gelatinization values compared to regular corn 
(-25% amylose) (Ng et al., 1997). To our knowledge, no research has used starch thermal 
properties as indicators of biochemical alterations during desiccation for recalcitrant seed 
species. Starch thermal analysis might be a sensitive technique that allows detection of 
qualitative alterations of starch that can be used as mark points to detect metabolic alterations 
in seeds. 
Although some research has been conducted on the effect of desiccation on the 
recalcitrant species of Quercus spp (Bonner, 1996; Connor et al., 1996; Connor and Sowa, 
2003) there is no research studying the effect of desiccation on the recalcitrant species of 
Quercus macrocarpa L. (bur oak). Also, limited research to our knowledge has addressed 
the effect of specific parent tree and seed size during desiccation as reflected by physical and 
biochemical variables. 
In our study, we hypothesized that there should be an effect of parent tree that reflects 
the importance of genetic background of selecting specific parent trees when regenerating a 
site. We did not expect to find a seed size effect because we had a narrow range of sizes 
available for the study. Finally, we hypothesized that as desiccation progressed there should 
be an alteration in important seed variables, as well as a reduction in seedling performance, 
indicating the deleterious impact of desiccation. Metabolism, as reflected by respiration 
levels would also decrease. 
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The species studied was Quercus macrocarpa (bur oak) that belongs in the white oak 
subgenus (Leucobalanus). Like the other white oaks, the primary storage reserve is starch 
(45.9%) accompanied by low lipid levels (4.8%) based on whole seed measurements (Bonner 
and Vozzo, 1987). It is a chilling-tolerant recalcitrant seed, tolerant to temperatures plus or 
minus close to 0°C, characterized by rapid loss of viability when exposed to drying. The 
seeds experience a type of dormancy that is broken by 30 to 60 days of cold stratification 
(Olson, 1974). Bur oak sheds its seeds in early fall with radical protrusion occurring in early 
spring with a hypogeal type of germination (cotyledons remain below ground). Its ability to 
tolerate freezing temperatures during winter, and still maintain viability despite its 
recalcitrant nature, still puzzles researchers. 
Studying the physical and biochemical alterations of seeds during desiccation might 
provide some insights on the nature of recalcitrant behavior. A better understanding of the 
recalcitrant behavior during desiccation would provide helpful information on how to 
promote successful regeneration based on the ability of the seeds to maintain viability after a 
specific period of drying. Also, the information gathered by studying seed deterioration 
during desiccation might help in possible future research for improving storage techniques. 
Material and Methods 
Seed collection 
Seed collection was done under the crown of open grown trees located in Ames (IA) 
(42° 03' latitude, and 93° 64' longitude), in September 2001. At least ten trees were closely 
monitored until the time of seed shedding. Collections were made from the ground on a 
daily basis until the majority of the seeds was shed to guarantee proper seed maturation. 
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After each day of collection, seeds were floated overnight to discard the majority of damaged 
and weeviled seeds (Bonner and Vozzo, 1987; Gribko and Jones, 1995). This treatment also 
results in some additional moisture uptake. Then, the attached seed-cap was removed with a 
knife. Each seed was checked very carefully for weevil or any other type of defects. Prior to 
the experiment, in order to meet cold stratification requirements, the seeds were placed in 
polyethylene bags (Gosling, 1989) and they were stored in a walk-in cooler with 
temperatures ranging from 3 to 5°C for 60 days. 
Only two parent trees, with distinctive seed characteristics in terms of pericarp 
toughness and color, where selected to quantify the effect of parent tree. The parent tree with 
the tougher, darker pericarp typical of bur oak is referred to as the "wild type" parent in the 
results and discussion, while the other parent tree is labeled as the "modified pericarp" 
parent. Based on the fresh weight the mean weight of the wild type was approximately 0.2 g 
heavier than the modified parent tree (1.15 vs 0.97 g). A high frequency of double embryos 
was another noticeable characteristic for the modified pericarp parent tree. Those double 
embryos were discarded. By using digital calipers, two similar seed size ranges of 19-20 
(19.5), and 20-21 (20.5) mm in maximum diameter were sampled from each parent tree, in 
order to examine the effect of seed size during desiccation. Those seed sizes were selected 
based on providing enough seeds to run the experiment. Seeds were placed in a room 
environment, with ambient humidity levels and temperatures not dropping below 70°F 
(21°C). Sampling took place based on two-day intervals for a total of two weeks. 
Initial seed measurements 
At sampling time, a set of 4 randomly selected seeds was used for each seed size of 
each parent tree to determine the initial seed variables. These variables were seed moisture 
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content on a fresh weight basis (MC)=[(seed fresh weight-seed dry weight)/(seed fresh 
weight)]* 100, seed fresh weight (SFW), pericarp fresh weight (PFW), embryo fresh (EFW) 
and embryo dry weight (EDW). Seeds were placed in aluminum cans and dried in a 
convection oven at 103°C for 17 h, after following proper procedures for large and high 
moisture content seeds (Bonner, 1981; 1ST A, 1999). Another random sample of 2 seeds was 
used to evaluate respiration for each seed size of each parent tree by using a Gilson 
Differential Respirometer (Gilson Medical Electronics, INC., Middleton, WI, USA) that 
quantified metabolic activity of the seeds by determining 02 uptake by the seeds based on 
manometric readings (Umbreit et al., 1964). To fit into the respirometer chamber a seed was 
split by removing one cotyledon. The remaining cotyledon was trimmed around the embryo 
axis to give an attached segment of cotyledon that was approximately 1 cm in length by 1 cm 
wide. Respiration was monitored for each seed for a period of 3 minutes every 15 minutes 
for a total of two hours. After respiration measurements, the embryo tissue (embryo axis 
plus cotyledon part) was oven dried (ISTA, 1999). The reported respiration rates are based 
on |xl of O2 uptake per minute per gram dry matter (|il O2 min"1 gr"1). 
Seedling performance measurements 
For each sampling time and each treatment a total of 10 seeds were randomly selected 
for each seed size of each parent tree to determine the percent of germination and seedling 
performance. Seeds were placed on trays that contained moist Kimpak paper, and were put 
in a growth chamber under a diurnal cycle of 16 hours of dark at 20°C altered with 8 hours of 
light at 30°C (ISTA, 1999). Seedling performance was determined for the same seedlings at 
two times in the germination sequence, one at the second week of growth and the other at the 
fourth week of growth. At the end of the second week, seedling growth was assessed by 
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measuring maximum root width right below the root collar, and epicotyl length. For the 
same seedlings, growth was assessed also at the fourth week based on root length, root width, 
and epicotyl length. All measurements were made in mm by using digital calipers. 
Starch thermal properties 
For each treatment, a total of 5 seeds were randomly selected to determine starch 
characteristics. For each seed, the distal one third of cotyledons was removed, with one 
cotyledon part being used for starch analysis. The rest of the embryo (embryonic axis plus 
the 2/3 of the cotyledons) was studied for seedling performance results. 
Starch extraction was done as described by White et al. (1990). The cotyledon tissue 
was placed in a tube with distilled water and was homogenized by using a POLYTRON 
PT3100 (Kinematica AG, Luzemerstrasse 147a,CH-6014 Littaul Luzern, Switzerland) 
laboratory homogenizer equipped with a POLYTRON PT-DA 3012/2T generator. 
Homogenized cotyledon was screened through nylon mesh with mesh opening: 30fim, % 
open area: 21, and thickness: 64|im (Spectramesh®Spectrum Laboratories Inc. Rancho 
Dominguez, CA, USA) the starch granules passed through the mesh into a collection flasks 
and the residue (protein, fiber and starch aggregates) retained by the screen was discarded. 
Then the starch slurry was transferred to 250 ml beakers and allowed to settle for two hours 
at 4°C in a refrigerator. After two hours, the starch granules settled to the bottom of the 
beaker and the upper phase was decanted leaving a starchy substrate at the base of the 
beaker. The waster was decanted, and the remaining starch was resuspended in distilled 
water and allowed to settle for one hour. This wash-settle-decant process was repeated three 
times, and the remaining starch was air dried at room temperature with a fan circulating the 
air. The dried starch samples were scrapped out of the beakers and stored in glass vials. 
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A differential scanning calorimeter (DSC) thermal analysis was accomplished by 
using a Perkin-Elmer DSC-7 attached with a thermal analyzer station (Perkin-Elmer Co., 
CT). Approximately 3.5 mg of the starch sample was weighted into an aluminum pan and 8 
|il of distilled water was added before hermitically sealing the pans with a crimper press. 
The samples were equilibrated at room temperature for 2 hours prior to analysis. To measure 
the gelatinization events, samples were heated in the DSC from 30° to 110°C with a scanning 
rate of 10°C per minute. Data recorded from the thermal curve included: onset of 
gelatinization (T0G) in °C, peak temperate of gelatiniazation (TPG) in °C, and enthalpy (A/fG) 
in J/g. The calculated values include: range of gelatinization RnG=2(TpG -T0G), peak height 
index (PHI) as AHG/(TPG-T0G). 
Statistical analysis 
The data were modeled with a linear model having fixed effects for parent, seed size, time, 
and their interactions. The error was assumed to be identically and independently normally 
distributed. Individual comparisons between effects of interest were conducted with /-tests. 
Analyses were done with the GLM procedure of SAS® V9.0. Pearson correlations were 
computed to determine correlations among the studied variables. 
Results 
Despite the fact that sampling was based on only two parent trees and two similar 
seed sizes for each parent tree with a maximum diametric difference of 1 mm, there was an 
effect of parent tree, and seed size evident for most of the studied variables; seed-related, 
seedling performance, and starch thermal variables. Sampling time that reflected desiccation 
level of the seeds was negatively correlated with the majority of the studied variables. 
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Seed-related variables 
Based on the linear model, the effect of parent tree was significant for all seed-related 
variables, except respiration (Table 1). Seed size had an effect for all studied variables with 
larger mean values for the larger seed size. Time of desiccation affected all seed related 
variables, except the embryo dry weight. Respiration was the only variable indicating an 
interaction effect of parent tree*time. 
Based on multi-correlation comparisons, there was a negative correlation between 
desiccation time and most of the seed-related variables (Figure 1). Specifically, desiccation 
time was negatively correlated with seed-, pericarp-, and embryo- fresh weight with r = - 0.5 
(p-value<0.0001), r = - 0.41 (p-value<0.0001), and r = - 0.44 (p-vahie<0.0001), respectively. 
Pericarp fresh weight for the thin modified pericarp tree declined sharply on day 2 of 
desiccation and then stabilized, while the pericarps of the wild type tree showed a slow 
steady decline until the last day of the experiment. Seed moisture content and respiration 
were also negatively correlated with desiccation time (r = - 0.75, p-value of <0.0001, and r = 
- 0.35,p-value of 0.005, respectively). 
Germination-seedling performance 
As expected, percent germination had a negative correlation with desiccation time (r 
= - 0.66, p-value=<0.0001 ) with a substantial reduction from -100 to 60% after the 6th day. 
The effect of parent tree was evident for the maximum root width and the epicotyl length 
when seedlings were 2 weeks old with larger mean values for the wild type parent for the 
root width (2.35 versus 2.06 mm) and epicotyl length (24.89 versus 20.2 mm). An effect of 
parent tree was also evident for the root width and length when seedlings were 4 weeks old 
with larger mean values for the wild type parent for the root length (194.22 versus 147.91 
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mm) and the root width (2.79 versus 2.51 mm) (Table 1). Seed size did not affect seedling 
performance for any studied variables at the second and fourth week of growth. Time of 
desiccation affected all variables related to seedling performance, except maximum root 
width at two weeks growth. An interaction effect was noted for the parent* time and the 
parent* seed size*time at the two week period for epicotyl length and maximum root width 
growth, respectively. 
Based on multi-correlation comparisons, at two weeks of growth only the epicotyl 
length was negatively associated with desiccation time (r = - 0.33,/?-value=<0.0001) (Figure 
2). Measurements at the 4th week of seedling growth also indicated a negative correlation 
between root width (r = - 0.2, p-value=0.0008), root length (r = - 0.32, p-value=<0.0001 ), 
and epicotyl length (r = - 0.4, /?-value=<0.0001) with desiccation time. 
Starch thermal variables 
The linear model indicated an effect of parent tree for gelatininization onset (ToG) 
with a smaller mean value for the wild type parent (55.89°C compared to the modified 
pericarp parent, 56.80°C), range (RnG) with a larger mean value for the wild type parent 
(14°C compared to the modified pericarp parent 11.58°C), and the enthalpy (A//G) with a 
larger mean value for the wild type parent (13.32 J/g compared to the modified pericarp 
parent tree, 12.50 J/g), and the peak height index (PHI) with a smaller value for the wild type 
parent (0.52 compared to the modified pericarp parent, 0.58) (Table 2). Seed size and 
desiccation time had an effect on the ToG with a larger mean value for larger seeds (56.84 
versus 55.85) and the A//G with a larger mean value for smaller seeds (13.18 versus 12.65), 
while desiccation time also affected the peak temperature of gelatinization (TpG) with a 
reduction in the mean value as time progressed. There was an interaction effect for parent 
106 
tree*seed size, and parent tree* seed size*time for the À//G, and a parent tree*time 
interaction for the ToG. Based on multi-correlation comparisons, desiccation time was 
negatively correlated with ToG (r = - 0.41,p-value=0.001), TpG (r = - 0.4, />vahie=0.002), 
and PHI (r = - 0.29, />value=0.022) (Figure 4). 
Seedling performance based on the same seed sample that was used for starch thermal 
analysis indicated an effect of parent tree on the root length for 4 weeks of growth (the wild 
type parent had a mean value of 194.01 versus 138.24) (Table 2). There was a seed 
size*time interaction effect at 4 weeks of growth for the root and epicotyl length. A negative 
correlation with desiccation time occurred only for the root length for four-week-old 
seedlings (Figure 3). 
Discussion 
An effect of parent tree, seed size and desiccation time was found for the majority of 
the seed-related and starch-thermal variables, with the effect of parent tree and desiccation 
time being also evident on seedling performance. The studied variables indicated a negative 
trend as desiccation time progressed. 
There was a significant effect of parent for the majority of the variables, with larger 
mean seed-related values and seedling performance for the wild type parent (Iakovoglou, 
2005). One notable exception was the moisture content of the seed. In spite of the thin 
pericarp of the one parent and the early, rapid decline in its pericarp fresh weight, there was 
little difference in the dry down patterns of the seed between the two parents. Different 
maturation levels of the seeds at shedding time might have also resulted in differences 
between the sampled trees. Levels of moisture content might reflect variation in maturation 
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levels of the seeds. Based on our data, the mean initial moisture content between parent trees 
indicated an approximate difference of 4% in moisture content (46.81% for the wild type 
parent, and 51.07% for the modified pericarp parent). These values are similar to what 
Schroeder and Walker (1987) found. They noted an initial moisture content of 44% for bur 
oak seeds coming out of six months storage. Based on our results, the effect of parent tree 
was not only indicated at the seed level, but also at early growth stages of 2 and 4 weeks, as 
reflected by the root width, epicotyl and root length, with larger mean values for the wild 
type parent (Iakovoglou, 2005). That suggests that the effect of parent tree carries on beyond 
the seed level, indicating the importance in selecting specific parent trees as a genetic source 
for regenerating a site, since more vigorous seedling performance should affect success of 
regeneration practices. 
The effect of parent tree was also evident for the starch thermal variables indicating 
qualitative starch differences among seeds from different sources, with lower onset and 
larger enthalpy mean values for the wild type parent (Iakovoglou, 2005). Those differences 
could also be affected by variation in seed maturation levels among parent trees. White et al. 
(1990) also indicated differences in starch thermal properties among and within maize 
populations, emphasizing the importance of genetic origin on the starch quality of food 
reserves. Ng et al. (1997), who studied starch thermal properties at developmental stages of a 
number of maize mutants (Zea mays L.), also suggested that thermal properties differ based 
on the genetic background and developmental stage of the seed. To our knowledge, no 
research has addressed the parent-effect impact on starch thermal properties under 
desiccation conditions on seed-related and seedling variables, addressing the need for more 
research on seed selection from specific parent tree sources. 
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Despite the fact that the two seed sizes used differed by only 1 mm in diameter, there 
was an effect of size that was more profound for seed-related variables with larger values for 
the larger seeds (20.5 mm in diameter). Specifically for moisture content that might suggest 
that smaller seeds might tend to retain less moisture during desiccation than the larger seeds. 
That has also been observed by Daws et al. (2004) for the recalcitrant species of Vitellaria 
paradoxa Gaerther F., with smaller seeds (4-6 g based on fresh seed mass) drying faster 
compared to larger (8-10 g). Chacon and Bustamante (2001) also noted an effect of seed size 
during desiccation for the recalcitrant species of Cryptocarya alba Moll., with smaller seeds 
(<0.61 g) drying faster compared to larger seeds (>1.32 g). Specifically for recalcitrant 
species, the ability of larger seeds to dry slower might benefit regeneration practices by 
selecting for larger sizes. Based on our results, seed metabolism as reflected by respiration 
values was also higher for the larger seed size (4.7 pi of 02 min"1 g"1) compared to the 
smaller (3.4 gl of O2 min'1 g"1). That could be the result of the ability of larger seeds to retain 
greater moisture content during desiccation. Garwood and Lighton (1990) did not find a 
significant variation of seed mass on respiration for "moist" seeds (>28%). However, those 
researchers reported respiration on pooled data from a number of species that might have 
masked the effect of seed mass on respiration. 
Quantitative analysis of qualitative starch thermal properties also indicated seed size 
differences, with higher onset temperatures for the larger seeds, and greater enthalpy for the 
smaller seeds (Iakovoglou, 2005). That suggests that size is a potential trait for facilitating 
selection based on starch thermal properties. However, it needs to be mentioned that the 
effect of seed size did not have a carry-over on seedling growth at 2 and 4 weeks, indicating 
that those variables might be more related to seed characteristics independent of seed size. 
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Time of desiccation seemed to have a negative effect on almost all studied variables. 
From the seed-related variables, only the embryo (embryo axis plus cotyledons) dry weight 
did not indicate any quantitative alterations during desiccation. During the first 2 days of 
desiccation, there was substantial reduction in the seed fresh weight (pericarp plus embryo) 
that could be attributed to the abrupt reduction in pericarp fresh weight rather than reduction 
of the embryo fresh weight. That might suggest that although the pericarp reduces 
desiccation stress, its protective abilities might be only for a few days. Sobrino-Vesperinas 
and Viviani (2000) who studied the morphology of the pericarp for Quercus suber L. 
suggested that it plays a protective role from desiccation during seed development, but after 
the seed is shed, the pericarp serves more like a water absorbing seed-structure. However, 
for Cryprocarya alba, Chacon and Bustamante (2001) indicated a positive effect of the 
pericarp during desiccation over 3 months by increasing the percent of water retained by the 
seeds when compared with seeds that did not retain their pericarp. Although Cryprocarya 
alba exhibits recalcitrant type of behavior, the pericarp characteristics of those seeds must 
differ from those of Quercus spp. since they were able to withstand desiccation for the 
prolonged period of 3 months. 
Respiration also decreased as time of desiccation progressed. Walters et al. (2001) 
noted for embryo axis tissue of tea (Camellia sinensis) a reduction in respiration during 
desiccation. In our results, although reduction occurred, there was a boost in respiration at 
the 8th day of drying, then, after that point respiration started to decrease again. The fact that 
respiration measurements were based on seed tissue that retained both embryo axes and the 
proximal 1 cm2 of cotyledon tissue might have also resulted in the respiration boost during 
the 8th day of desiccation. Leprince et al. (1999) indicated for Castanea sativa Mill, that 
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embryo axes and the cotyledon tissue exhibited contrasting respiration patterns during 
desiccation. Based on their results, O2 uptake by the embryo axis was gradually declining 
until the seed water content reached values as low as 1.3 g H2O/ g dry weight, while 
cotyledons during that time showed a bust in respiration. After that point, respiration levels 
of both cotyledon and embryo axis tissue gradually declined. 
The reduction in respiration during the 6th day of desiccation coincided with the start 
of the reduction in percent germination. That suggests that Quercus macrocarpa can sustain 
desiccation for almost a week for seeds that had their cap removed and were exposed to a 
laboratory environment that might well differ from natural conditions. After that period of 
time the negative impact of desiccation was evident in the percent of germination. That was 
further indicated by seedling growth at 4 weeks where root and epicotyl length were 
substantially reduced after the 6th day of desiccation. However, reduction in seedling growth 
measurements following seed desiccation occurred even after the first 2 days of desiccation, 
suggesting that seedling-related variables might be a more sensitive indicator than percent 
germination in studying adverse effects of desiccation on regeneration success. 
Bhattacharyya and Basu (1992) also noted reduction in seedling performance for the 
recalcitrant species of jackfruit (Artocarpus heterophyllus Lam.) based on 35-day-growth of 
root and shoot length. For Theobroma cacao, Toruan et al. (2000) showed a reduction in 
seedling growth rate and seedling dry weight when exposed to 4 days of drying. Raja et al. 
(2001b) noted similar trends during desiccation in seedling growth as reflected by root and 
epicotyl length for avocado (Persea Americana Mill.) seeds. However, Raja et al. (2001a) 
had some contradictory results for arecanut (Areca catechu L.). They found that partial 
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drying up to 8 days increased seedling root and epicotyl length, as well as the overall 
seedling dry weight, while further dehydration negatively affected seedling growth. 
Time of desiccation also seemed to have an effect on starch thermal properties, 
resulting in a change of the shape of the endothermic curve to lower onset and peak 
gelatinization temperatures that could be an indication of starch degradation during 
desiccation. That suggests that starch thermal properties might be a sensitive variable that 
indicates biochemical alterations during desiccation, although there were no detectible 
changes in seed dry weight during desiccation. Ng et al. (1997), who studied starch thermal 
properties during developmental stages for a number of maize (Zea mays L.) mutants, 
suggested that alterations in starch thermal values could have been attributed to alteration in 
amylose content and other materials associated with the starch grains. In our case, more 
research needs to be conducted in order to address alteration of starch thermal properties in 
relation to quantitative content of amylose and amylopectin. Seedling performance as 
revealed by the remaining 2/3 of the seed-tissue, indicated a negative effect of desiccation 
time only for the root width when seedlings were grown for 4 weeks. The lack of significant 
negative trends during desiccation could have been attributed to the lower number of 
replications. Also, the absence of pericarp probably resulted in more rapid water uptake 
leading to faster recovery from the desiccation effect compared to germinated seeds that 
retained their pericarp. 
Our research suggests that the deleterious effects of desiccation are evident for the 
majority of the studied variables as related to physical and biochemical alterations. 
Reduction in metabolic levels of the seeds was evidenced by the decrease in seed respiration. 
Variables related to seedling performance also indicated reduction in growth even from the 
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second day of desiccation, indicating that those variables are more sensitive to deleterious 
desiccation effects compared to the percent germination. Starch thermal properties proved to 
be sensitive variables in detecting biochemical alterations during desiccation. We can 
conclude that selection of specific parent trees or seed sizes might help reduce the intensity 
of the desiccation effect. That could be used as a tool to benefit regeneration practices. 
However, more research needs to be done on addressing alteration of starch thermal 
properties in relation to quantitative levels of carbohydrates and qualitative changes in starch 
as described by amylose and amylopectin levels. Future research could also use starch 
alterations as mark points to further study and understand seed behavior for species such as 
Quercus spp. It might provide insights on questions such as how acorns are able to withstand 
freezing temperatures during the winter after their dispersal, despite their recalcitrant nature. 
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Table 1. Level of significance of parent tree (P), seed size (S), time of desiccation (T), and all possible interactions on seed 
related variables, seed- (SFW), pericarp- (PFW), embryo- fresh (EFW) and dry weight (EDW), moisture content (MC), 
and respiration (R), as well as seedling performance as described by maximum root width (RWW2) and epicotyl length 
(ELW2) for 2 week-old-seedlings, and root width (RWW4) and length (RLW4), and epicotyl length (ELW4) when the 
same seedlings were 4 weeks old. 
Source DF Level of significance 
Seed related variables Seedling performance 
SFW PFW EFW EDW MC R RWW2 ELW2 RLW4 RWW4 ELW4 
(nio2 
(g) (g) (g) (B) % min'V) (mm) (mm) (mm) (mm) (mm) 
Parent (P) 1 <0001 <0001 0.0078 0.0009 0.0168 0.7612 0.0001 0.0008 <0001 0.0003 0.1461 
Seed size (S) 1 <0001 <0001 <0001 <0001 0.0413 0.0010 0.9913 0.8010 0.2877 0.6933 0.7996 
Time (T) 7 <0001 <0001 <.0001 0.3702 <0001 0.0007 0.2877 <0001 <0001 0.0053 <0001 
P*S 1 0.7990 0.7314 0.6817 0.8656 0.3240 0.5944 0.2995 0.5145 0.1970 0.4045 0.4557 
P*T 7 0.2434 0.5956 0.4830 0.8286 0.1393 0.0260 0.4816 0.0171 0.4116 0.8219 0.3248 
S*T 7 0.0876 0.6848 0.1269 0.7642 0.6077 0.3961 0.7069 0.8757 0.1119 0.9547 0.5177 
P*S*T 6 0.6520 0.5367 0.8261 0.8996 0.1585 0.2746 0.0274 0.5080 0.4862 0.0578 0.6981 
Table 2. Level of significance of parent tree (P), seed size (S), time of desiccation (T), and all possible interactions on 
starch thermal properties, onset (ToG), peak temperate (TpG), enthalpy (AHG), range (RnG), and peak height index 
(PHI) of gelatinization during desiccation. Also, seedling performance, maximum root width (RWW2) and epicotyl 
length (ELW2) when seedlings were 2 weeks old, and root width (RWW4) and length (RLW4), and epicotyl length 
(ELW4) when the same seedlings were 4 weeks old. 
Source DF Level of significance 
Starch Thermal Variables Seedling performance 
T„G TpG RnG AHG PHI RWW2 ELW2 RLW4 RWW4 ELW4 
m m (°C) (J/g) (mm) (mm) (mm) (mm) (mm) 
Parent (P) 1 0.0096 0.2526 <0001 0.0006 0.001 0.0718 0.0784 0.0018 0.0819 0.9445 
Seed size (S) 1 0.0051 0.159 0.0589 0.0172 0.2059 0.0676 0.6951 0.5459 0.2521 0.2835 
Time (T) 7 0.001 0.0151 0.2501 0.0017 0.0635 0.412 0.9927 0.0527 0.725 0.0986 
P*S 1 0.414 0.2849 0.8159 0.0261 0.151 0.2249 0.3476 0.093 0.39 0.7531 
P*T 7 0.0397 0.3745 0.5462 0.0847 0.6702 0.5235 0.7774 0.5563 0.3653 0.8925 
S*T 7 0.2139 0.6057 0.3482 0.2956 0.0701 0.1146 0.313 0.0452 0.0895 0.0319 
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Figure 1. Changes in the seed related variables, seed-, pericarp-, embryo- fresh 
weight, and embryo dry weight, moisture content, and respiration during 
desiccation time. 
Correlation values are also provided {p -values in parenthesis); NS refers to non­
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Figure 2. Changes in seedling performance on 2 weeks growth of maximum root 
width and epicotyl length, and 4 weeks growth of root length and width, and 
epicotyl length during desiccation time. 
Correlation values are also provided (p -values in parenthesis); NS refers to non­








4 6 8 10 
Desiccation (days) 
12 14 
r = - 0.4 (0.002) 
4 6 8 10 
Desiccation (days) 
12 14 




4 6 8 10 
Desiccation (days) 
12 14 
r = - 0.29 (0.022) 
4 6 8 10 
Desiccation (days) 
12 14 














4 6 8 10 
Desiccation (days) 
12 14 
r = - 0.26 (0.041) 
4 6 8 10 
Desiccation (days) 
12 14 
Figure 3. Changes in starch thermal values, onset (ToG) and peak temperate of 
gelatinization (TpG) in °C, enthalpy (AHG) in J/g, range of gelatinization (RnG), 
and peak height index (PHI) during desiccation time. Changes in seedling 
performance during desiccation time, maximum root width (RWW2) and epicotyl 
length (ELW2) at 2 weeks old seedlings, and root width (RWW4) and length 
(RLW4), and epicotyl length (ELW4) when the same seedlings were 4 weeks old. 
Correlation values are also provided (p -values in parenthesis); NS refers to non­
significant correlations atp< 0.05. 
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Figure 4. Graphic presentation of endothermic starch curves at time 0 (days) of 
desiccation (thick line) and 14 days of desiccation (thin line) that indicates a shift 
of the onset and the peak of starch gelatinization temperatures during desiccation. 
The lines presented are for two acorns of the same size from the same parent tree 
(wild type) that were representative of the general trends observed. 
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CHAPTER 5. GENERAL CONCLUSIONS 
This study was conducted evaluate the nature of recalcitrance under a set of 
experimental conditions for two highly valuable species, Quercus alba (white oak) and 
Quercus macrocarpa (bur oak). Recalcitrant seeds are characterized mainly by their inability 
to withstand desiccation and low temperature sensitivity that pose limitations to practices 
such as germplasm conservation, nursery storage, provenance testing, and direct seeding 
practices. The first objective of this study was to examine the effect of seed size and parent-
tree on initial seed parameters, seedling performance at 1 and 3 months of growth, biomass, 
and morphology for both species. We also examined if there are any species differences 
when minimizing the effect of seed size, by comparing performance for seedlings derived 
from the same seed size. The second objective was to examine the effect of nitrous oxide 
(N2O) storage environments on seed metabolism as reflected by seed related variables, 
respiration, seedling performance, and starch thermal variables for white and bur oak. The 
third objective was to examine the effect of desiccation on seed-related variables, seedling 
performance, and starch thermal analysis for bur oak seeds, in conjunction with the effect of 
parent tree and seed size. We also tested if there is an effect of parent tree and seed size on 
the studied variables during desiccation. 
It was hypothesized that seedling performance would be associated with both seed 
size and parent-tree, with larger seeds performing the best. Also, we believed that there 
should be species differences when comparing seedlings derived form the same seed sizes. 
Based on atmospheric storage, we hypothesized that N2O treatments would reduce seed 
metabolism with no negative impact on seedling performance. Finally, we hypothesized that 
as desiccation progressed there should be a deterioration in seed related variables, seedling 
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performance, and alteration in starch thermal properties indicating the deleterious impact of 
desiccation. In addition, it was hypothesized that there should be an effect of selected parent 
trees, but no seed size effect over a narrow 1 mm difference in diameter between seed sizes. 
Both parent tree and seed size had an effect on the initial seed measurements and 
seedling performance, with larger seeds providing the best performers. For 1-month-old 
seedlings, species indicated different growth patterns, but after an additional growth of 2 
months both species showed the same growth trends. For 3-month-old seedlings, the below-
and above-ground variables increased with seed size, providing more efficient seedlings to 
better utilize above- and below-ground resources. That is supported by the greater number of 
first order lateral roots and leaf area for seedlings derived from larger seeds. Based on the 
biomass results, seedlings derived from larger seeds had larger values, with most of the food 
reserves and the additional autotrophic growth being allocated to the root system, particularly 
the taproot that coincides with the nature of these large tap-rooted species. Vigorous 
taproots, accompanied with greater feeder root dry weight, not only serve as an anchorage 
mechanism for both species, but also help overcome obstacles such as thick litter, allowing 
penetration to deeper soil layers for water and nutrient exploration. A decrease in specific 
leaf area (SLA) with an increase in seed size reflects thicker leaves that reduce herbivory, 
increase life span, and ability to tolerate adverse environmental conditions such as moisture 
deficits. 
The effect of parent was evident for a number of variables for all studied seed size 
classes. That implies that careful selection of seed trees is of great importance when 
regenerating a site. When comparing species that had the same seed size, we observed 
differences primarily in the initial seed parameters and the 1-month-old seedlings. That 
124 
shows that the studied species are very similar in terms of growth and morphological 
characteristics. However, in terms of establishment for both species, the differences in seed 
size and initial growth should be important. 
Our results with seed storage under N2O atmospheres suggest that there was an effect 
on the metabolism of white and bur oak seeds as we had hypothesized. However, there was 
contradiction in the effect of metabolism and seedling performance between species. White 
oak had an increased trend for respiration and a decreased trend in seedling performance, 
while the reverse was observed for bur oak. That could be attributed to the difference in the 
metabolic levels between species, with greater respiration rates for white oak compared to the 
bur oak, which is also confirmed by the percent of germination for bur oak that gradually 
increased during storage. That suggests that the effect of species should not be neglected in 
order to fully understand and the benefits and problems with the use of N2O. 
Subsequent experiments with N2O atmospheres indicated that oxygen depletion might 
have affected the results of the main experiment. Biochemical alterations as reflected by 
qualitative starch analysis indicated a treatment effect for the 98/2% N2O/O2 for the bur oak 
that could be highly related to species and specific parent tree selection. The effect of parent 
tree and seed size during desiccation was significant for the majority of the studied variables 
for bur oak. The fact that parent tree had an effect not only on the seed-related variables and 
starch thermal properties, but also at early growth stages of 2 and 4 weeks, suggests that the 
effect of parent trees carries on beyond the seed level. That shows the importance of using 
specific parent trees for regenerating a site, since more vigorous seedlings should enhance 
regeneration success. The effect of seed size was more profound for seed-related variables 
and respiration with larger mean values for larger seeds. Starch thermal properties also 
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indicated seed sizes differences. That suggests that seed size is a potential trait for indirect 
selection of starch thermal properties. 
Time of desiccation had a negative effect on almost all studied variables. Respiration 
decreased as desiccation progressed, but substantial reduction of respiration on the 6th day 
coincided with reduction in the percent germination. That suggests that bur oak can sustain 
desiccation for almost a week under the studied experimental conditions, and that after that 
point the negative impact of desiccation is evident in reduced germination. Seedling growth 
at 4 weeks was also substantially reduced by 6 days of desiccation prior to germination, while 
starch thermal properties also indicated starch alterations. Hence, both seedling performance 
and starch thermal properties are sensitive variables that indicate alteration during 
desiccation. 
Our results indicated an effect of parent tree and seed size. Future research is also 
needed to further understand the effect N2O on seed storage. Experiments related to closed 
systems with continuous flow or frequent exposures to N2O, should provide information on 
how N2O might affect storage of recalcitrant seeds. The effect of desiccation should be 
tested over a wider range of seed sizes, parent trees, and species to better understand how we 
could benefit from proper parent tree and seed size selection in relation to a particular 
species. Finally, future research should also study the processes that occur under natural 
conditions that allow white oak to go through the winter freezing conditions and germinate 
the following spring. 
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APPENDIX A. TABLES RELATED TO CHAPTER 2 
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Table 1 : Abbreviations, descriptive definitions, and units of the variables used in Chapter 2. 
Abbreviations Descriptive definitions of variables Units 
SFW Seed fresh weight: as determined after seed collection g 
PFW Pericarp fresh weight g 
EFW Embryo fresh weight: cotyledons plus embryo axis g 
EDW Embryo dry weight: cotyledons plus embryo axis g 
MC Moisture content on fresh weight bases % 
RL Root length based on max growth of 1-months old seedlings mm 
RW Root width based on max growth of 1- and 3-months old seedlings mm 
EL Epicotyl length based on max growth of 1- and 3-months old seedlings mm 
LA Leaf area cm2 
FOLR Number of first order lateral roots directly to the main tap root # 
PDW Pericarp dry weigh at the end of 3-months of seedling growth g 
RCDW Remaining cotyledon dry weight at the end of 3-months of growth g 
TRSDW Total remaining seed dry weight (PDW+REDW) g 
SDW Stem dry weight (no leaves) g 
LDW Leaf dry weight, only real-leaves (no cotyledons) g 
TDWup Total dry weight up [above ground seedling mass (SDW+LDW)] g 
FDW Feeder root dry weight g 
TDW Tap root dry weight g 
TDWdn Total dry weight down [below ground seedling mass (FDW+TDW)] g 
TSDW Total seedling dry weight (TDWup+TDWdn) g 
LWR Leaf weight ratio (LDW/ TSDW) g g"' 
SWR Stem weight ratio (SDW/TSDW) g g"' 
FWR Feeder root weight ratio (FDW/TSDW) g g"1 
TWR Tap root weight ratio (TDW/TSDW) g g"' 
R/S Root to shoot ratio (TDWdn/TDWup) g g' 
SLA Specific leaf area (LA/LDW) cm2 g"1 
Table 2. Pearson correlation table for all studied variables (abbreviations in Table 1) for "small" bur oak seed sizes. P -values are in italics. 
ss RLl RW1 ELI RW3 EL3 LA FOLR PDW RCDW TRSDW SDW LDW TDWup TDW FDW TDWdn TSDW LWR SWR FWR TWR R/S SLA 
Variables (mm) (#) (g) (gg-') ( c n g )  
ss 1 0.03 0.51 0.07 0.65 0.41 0.74 0.37 0.84 0.57 0.81 0.70 0.74 0.74 0.71 0.66 0.73 0.76 0.08 
0.80 <07 0.52 <07 <07 <.01 <07 <07 <07 <.01 <07 <07 <07 <07 <.01 <07 <07 0.44 
RLl 1 0.36 0.67 0.05 0.39 0.09 -0.01 0.04 -0.07 0.01 0.22 0.09 0.13 0.21 0.21 0.22 0.20 -0.23 
<07 <07 0.65 <0/ 0.41 0.90 0.68 0.53 0.93 0.03 0.39 0.21 0.04 0.04 0.03 0.06 0.03 
RW1 1 0.38 0.66 0.49 0.57 0.31 0.50 0.27 0.46 0.64 0.57 0.60 0.69 0.61 0.71 • 0.70 -0.21 
<.01 <.01 <0/ <.01 <07 <0/ <.01 <.01 <0/ <07 <07 <07 <07 <07 <07 0.04 
ELI 1 0.20 0.58 0.12 0.05 0.11 -0.07 0.05 0.34 0.12 0.19 0.18 0.21 0.19 0.20 -0.13 
0.06 <.01 0.26 0.65 0.30 0.50 0.60 <07 0.26 0.07 0.08 0.04 0.06 0.06 0.22 
RW3 1 0.54 0.82 0.37 0.67 0.49 0.67 0.83 0.80 0.83 0.76 0.70 0.78 0.82 0.01 
<.01 <.01 <.01 <0/ <.01 <.01 <07 <07 <07 <07 <07 <07 <07 0.97 
EL3 1 0.68 0.18 0.41 0.34 0.42 0.74 0.66 0.70 0.53 0.41 0.53 0.60 0.19 
<.01 0.08 <07 <.01 <.01 <.01 <07 <07 <07 <07 <07 <.01 0.06 
LA 1 0.40 0.71 0.55 0.71 0.89 0.99 0.99 0.82 0.69 0.84 0.91 0.23 
<0/ <07 <.01 <.01 <07 <.07 <07 <07 <07 <07 <07 0.02 
FOLR 1 0.49 0.36 0.48 0.39 0.41 0.41 0.54 0.35 0.52 0.50 -0.19 
<07 <.01 <07 <07 <07 <07 <.07 <07 <07 <07 0.07 
PDW 1 0.67 0.97 0.70 0.71 0.72 0.74 0.66 0.76 0.77 -0.05 
<07 <.07 <07 <07 <07 <07 < 0 7  <07 <07 0.66 
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Table 3. Pearson correlation table for all studied variables (abbreviations in Table 1) for "large" bur oak seed sizes. P -values are in 
initalics. 
SS RLl RW1 ELI RW3 EL3 LA FOLR PDW RCDW TRSDW SDW LDW TDWup TDW FDW TDWdn TSDW LWR SWR FWR TWR R/S SLA 
Variables (mm) cm2 (#) (g) (gg"') (cmV) 
SS 1 0.26 0.24 0.22 0.18 0.28 0.46 0.27 0.81 0.59 0.71 0.43 0.47 0.48 0.44 0.17 0.43 0.49 0.10 0.06 -0.18 -0.01 -0.13 -0.25 
<01 <01 <01 0.03 <01 <01 <01 <01 <01 <01 < 0 /  <.0/ <01 < 0 7  0.04 < 0 7  <01 0.24 0.49 0.03 0.92 0.11 <01 
RLl 1 0.35 0.42 0.16 0.16 0.20 0.15 0.44 -0.04 0.08 0.23 0.18 0.20 0.33 0.30 0.36 0.32 -0.16 -0.02 0.13 0.07 0.08 -0.05 
<01 <01 0.05 0.06 0.02 0.06 <01 0.64 0.31 <o/ 0.03 0.02 <01 <01 <01 <01 0.05 0.81 0.12 0.40 0.31 0.52 
RW1 1 0.52 0.49 0.23 0.33 0.21 0.36 0.10 0.18 0.40 0.34 0.37 0.40 0.31 0.42 0.43 -0.04 0.13 0.04 -0.03 -0.03 -0.19 
<01 <01 <01 <01 0.01 <01 0.25 0.03 < 0 /  <01 <01 < 0 7  <01 <07 < 0 7  0.60 0.11 0.66 0.70 0.68 0.02 
ELI 1 0.33 0.20 0.23 0.18 0.38 0.08 0.17 0.37 0.25 0.30 0.24 0.22 0.26 0.30 0.00 0.24 0.04 -0.11 -0.09 -0.21 
<01 0.01 <01 0.03 < 0 /  0.34 0.04 <.0/ < 0 /  <01 < 0 7  < 0 7  <01 < 0 7  0.98 <07 0.66 0.20 0.27 0.01 
RW3 1 0.47 0.57 0.20 0.35 0.10 0.18 0.67 0.60 0.64 0.66 0.44 0.69 0.72 -0.06 0.17 -0.05 0.01 -0.10 -0.43 
<01 <07 0.01 <01 0.23 0.03 < 0 /  < 0 7  <01 <01 < 0 7  < 0 7  <01 0.50 0.04 0.53 0.93 0.23 <01 
EL3 1 0.67 0.18 0.34 0.04 0.12 0.85 0.69 0.76 0.47 0.17 0.46 0.63 0.28 0.64 -0.28 -0.31 -0.38 -0.44 
<01 0.03 <01 0.65 0.14 < 0 /  <07 < 0 7  < 0 7  0.04 < 0 7  <01 <07 <07 <01 <01 <07 <07 
LA 1 0.29 0.46 0.12 0.23 0.83 0.94 0.94 0.68 0.36 0.69 0.86 0.38 0.27 -0.24 -0.28 -0.41 -0.47 
<0/  <.0/ 0.14 <01 <0/  < 0 7  < 0 /  <01 < 0 7  <01 < 0 7  <01 < 0 7  <01 <07 <07 <01 
FOLR 1 0.30 0.23 0.28 0.30 0.33 0.33 0.34 0.28 0.36 0.38 0.03 0.01 -0.02 -0.01 -0.11 -0.30 
<0/  <01 < 0 1  <01 < 0 1  < 0 7  < 0 7  <07 < 0 7  < 0 7  0.75 0.94 0.80 OSS 0.77 < 0 7  
PDW 1 0.51 0.69 0.50 0.48 0.50 0.46 0.34 0.49 0.53 0.02 0.12 -0.03 -0.04 -0.06 -0.21 
<01 <01 < 0 /  <01 <07 <01 < 0 7  <01 < 0 7  0.82 0.77 0.75 0.61 0.48 0.01 
RCDW 1 0.97 0.13 0.21 0.19 0.13 0.03 0.13 0.17 0.03 -0.01 -0.10 0.02 0.05 -0.09 
<01 0.11 0.07 0.02 0.77 0.68 0.12 0.04 0.68 0.92 0.25 0.78 0.54 0.31 
TRSDW 1 0.25 0.30 0.29 0.24 0.12 0.24 0.28 0.03 0.02 -0.09 0.01 0.03 -0.13 
< 0 /  < 0 7  < 0 7  <07 0.75 <01 <01 0.(59 0.77 0.29 0.92 0 .74  0.12 
SDW 1 0.85 
< 0 7  
0.92 




< 0 7  
0.70 
< 0 7  
0.85 













LDW 1 0.99 
< 0 7  
0.66 
< 0 7  
0.36 
< 0 7  
0.67 




< 0 7  
0.28 


























< 0 /  
-0.64 
< 0 1  
TDW 1 0.39 
< 0 7  
0.98 














< 0 1  
FDW 1 0.55 




























< 0 7  











< 0 7  


















FWR 1 -0.23 
< 0 /  
0.25 
< 0 /  
0.16 
0.05 
TWR 1 0.70 
< 0 7  
0.39 
<01 
R/S 1 0.62 
<07 
SLA 1 
Table 4. Pearson correlation table for all studied variables (abbreviations in Table 1) for white oak seed sizes. P -values are in italics 
SS RLl R W l  ELI RW3 EL3 LA FOLR PDW RCDW TRSDW SDW LDW TDWup TDW FDW TDWdn TSDW LWR SWR FWR TWR R/S SLA 
Variables (mm) cm2 (#) (g) (g g"') (cmV) 
SS 1 -0.42 0.20 -0.29 0.38 0.00 0.17 0.17 0.53 0.23 0.49 0.19 0.24 0.24 -0.02 0.33 0.05 0.14 0.21 0.14 0.32 -0.31 -0.16 -0.26 
<01 0.13 0.02 <.01 0.98 0.19 0.19 <01 0.08 <01 0.15 0.07 0.07 0.90 0.0/ 0.68 0.30 o./o 0.27 0.01 0.02 0.21 0.04 
RLl 1 -0.06 -0.03 -0.17 -0.06 0.01 0.14 0.00 -0.08 -0.04 -0.21 -0.09 -0.13 0.42 -0.01 0.37 0.24 -0.48 -0.44 -0.18 0.54 0.45 0.31 
0.63 0.81 0.18 0.64 0.97 0.29 0.99 0.54 0.75 0.11 0.47 0.32 <01 0.96 <01 0.06 < 0 /  <01 0.16 <01 <01 0.02 
RWl 1 0.27 0.42 0.15 0.02 0.17 0.03 0.19 0.13 0.29 0.16 0.20 -0.18 -0.03 -0.16 -0.05 0.16 0.34 0.01 -0.22 -0.25 -0.37 
0.04 <01 0.26 0.88 0.20 0.79 0.15 0.34 0.03 0.23 0.12 0.18 0.80 0.21 0.71 0.22 0.0/ 0.95 0.09 0.0(5 <01 
ELI 1 -0.04 0.50 -0.06 -0.03 -0.39 -0.14 -0.34 0.41 -0.01 0.11 -0.22 -0.12 -0.22 -0.13 0.11 0.54 -0.05 -0.22 -0.29 -0.16 
0.75 <01 0.63 0.82 <01 0.28 <01 <01 0.92 0.42 0.09 0.38 0.09 0.3/ 0.42 < 0 /  0.(59 0.09 0.02 0.21 
RW3 1 0.18 0.52 0.25 0.17 0.23 0.24 0.60 0.57 0.60 0.34 0.55 0.42 0.57 0.01 0.13 0.36 -0.18 -0.09 -0.26 
0.18 <01 0.05 0.20 0.08 0.06 <01 < 0 /  <01 <01 <01 < 0 /  < 0 /  0.93 0.34 < 0 /  0.17 0.48 0.04 
EL3 1 0.39 0.03 -0.14 0.03 -0.08 0.66 0.40 0.50 -0.05 0.16 -0.01 0.19 0.26 0.56 0.07 -0.38 -0.43 -0.16 
<01 0.80 0.28 0.84 0.53 <0/ <01 <01 0.73 0.22 0.96 0.14 0.04 <01 0.58 <01 <01 0.24 
LA 1 0.15 0.23 0.19 0.26 0.70 0.94 0.92 0.42 0.55 0.49 0.76 0.34 0.08 0.17 -0.33 -0.32 -0.08 
0.26 0.08 0.15 0.05 <01 <01 <01 <01 <01 <01 <01 < 0 /  0.54 0.20 < 0 /  0.0/ 0.54 
FOLR 1 0.16 0.11 0.17 0.12 0.14 0.14 0.24 0.16 0.25 0.25 -0.14 -0.12 0.09 0.10 0.18 0.00 
0.23 0.41 0.20 0.34 0.28 0.27 0.07 0.22 0.06 0.05 0.28 0.3(5 0.49 0.43 0.17 1.00 
PDW 1 0.30 0.85 0.05 0.22 0.19 0.18 0.26 0.22 0.25 0.03 -0.15 0.11 -0.02 0.05 -0.08 
0.02 0.00 0.68 0.09 0.15 0.17 0.05 0.10 0.06 0.80 0.27 0.4/ 0.89 0.7/ 0.55 
RCDW 1 0.75 0.15 0.24 0.23 0.18 0.05 0.17 0.23 -0.01 -0.05 -0.08 0.05 0.02 -0.17 
< 0 1  0.24 0.06 0.08 0.17 0.72 0.20 0.08 0.9(5 0.72 0.52 0.7/ 0.86 0.20 
TRSDW 1 0.12 0.29 0.25 0.22 0.20 0.24 0.29 0.02 -0.13 0.03 0.01 0.05 -0.15 
0.36 0.03 0.05 0.09 0./2 0.06 0.02 0.88 0.34 0.83 0.92 0.72 0.26 
SDW 1 0.76 






















< 0 1  





















< 0 1  
TDWup 1 0.26 0.47 0.33 0.66 0.50 0.35 0.13 -0.52 -0.53 -0.41 
0.04 < 0 /  < 0 /  < 0 /  <01 < 0 /  0.3/ < 0 /  <.01 < 0 1  
TDW 1 0.41 
<01 
0.98 
< 0 /  
0.88 













FDW 1 0.58 
< 0 1  
0.65 













TDWdn 1 0.93 








< 0 /  
0.56 
< 0 1  
0.18 
0.18 












LWR 1 0.65 




< 0 /  
-0.93 
< 0 /  
-0.56 
<01 





< 0 /  
-0.42 
<01 
FWR 1 -0.34 





TWR 1 0.91 
< 0 /  
0.50 
<01 
R/S 1 0.56 
<.01 
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Table 5. Pearson correlation for seed size (SS), and seed related variables as 
described by seed- (SFW), pericarp- (PFW), embryo- (EFW) fresh weight and 
embryo dry weight (EDW), for bur oak "small" and "large" size classes, and for 
white. P -values are in italics. 
SS SFW EFW EDW PFW MC 
Species Variables (g) (g) (g) (g) (%) 
Bur oak Seed size (SS) 1 0.94 0.89 0.80 0.88 -0.27 
"small" SS <01 <.01 <.01 <01 0.06 
Seed fresh weight (SFW) 1 0.98 0.91 0.86 -0.43 
<01 <.01 <01 <01 
Embryo fresh weight (EFW) 1 0.97 0.73 -0.56 
<.01 <01 <01 
Embryo dry weight (EDW) 1 0.60 -0.72 
<01 <01 
Pericarp fresh weight (PFW) 1 -0.04 
0.78 
Moisture content (MC) 1 
Bur oak Seed size (SS) 1 0.97 0.95 0.93 0.92 -0.10 
"large" SS <.01 <.01 <01 <01 0.41 
Seed fresh weight (SFW) 1 0.99 0.97 0.93 -0.16 
<01 <01 <01 0.16 
Embryo fresh weight (EFW) 1 0.99 0.85 -0.18 
<01 <01 0.12 
Embryo dry weight (EDW) 1 0.84 -0.32 
<01 <01 
Pericarp fresh weight (PFW) 1 -0.11 
0.33 
Moisture content (MC) 1 
White oak Seed size (SS) 1 0.87 0.80 0.70 0.65 -0.03 
<01 < 0 1  <01 <01 0.86 
Seed fresh weight (SFW) 1 0.92 0.82 0.74 -0.09 
<.01 <01 <01 0.64 
Embryo fresh weight (EFW) 1 0.95 0.42 -0.30 
<01 0.02 0.11 
Embryo dry weight (EDW) 1 0.26 -0.57 
0.16 <01 
Pericarp fresh weight (PFW) 1 0.32 
0.08 
Moisture content (MC) 1 
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Table 6. Person correlation for seed size (SS), root area, root length, SLA, LAR, SRA, 
RLR, SRL, and FOLR. Abbreviations are provided in table 1. P-values are in italics. 
Species Variable Seed Root area Root length SLA LAR SRA RAR RLR SRL FOLR 
size (cm2) (cm2) 
Bur oak Seed size 1 0.73 0.72 -0.38 0.13 -0.35 0.00 -0.19 -0.42 0.40 
"small" SS <01 <01 0.02 0.42 0.03 0.99 0.24 <01 0.01 
Area 1 0.99 -0.50 0.10 -0.26 0.43 0.14 -0.43 0.48 
<01 <01 0.53 0.11 <01 0.37 <01 <01 
Length 1 -0.49 0.15 -0.24 0.45 0.21 -0.40 0.50 
<01 0.34 0.13 <01 0.19 0.01 <01 
SLA 1 0.11 0.05 -0.12 0.00 0.13 -0.37 
0.49 0.75 0.45 0.99 0.42 0.02 
LAR 1 -0.17 0.40 0.44 -0.15 -0.14 
0.29 0.01 <01 0.34 0.40 
SRA 1 -0.02 0.09 0.95 -0.20 
0.91 0.56 <01 0.21 
RAR 1 0.90 -0.14 0.06 
<01 0.40 0.73 
RLR 1 0.08 -0.05 
0.61 0.75 
SRL 1 -0.27 
0.09 
FOLR 1 
Bur oak Seed size 1 0.23 0.15 -0.23 -0.20 0.02 -0.25 -0.34 -0.09 0.29 
"large" SS 0.15 0.36 0.16 0.22 0.88 0.12 0.03 0.59 0.07 
Area 1 0.95 -0.22 0.07 0.06 0.80 0.66 -0.09 0.10 
<01 0.16 0.65 0.73 <01 <01 0.58 0.54 
Length 1 -0.16 0.06 0.15 0.83 0.79 0.09 0.11 
0.34 0.72 0.35 <01 <01 0.60 0.48 
SLA 1 -0.32 -0.17 -0.11 -0.03 -0.06 -0.12 
0.04 0.29 0.50 0.85 0.71 0.46 
LAR 1 -0.08 0.23 0.19 -0.09 -0.05 
0.63 0.15 0.23 0.60 0.74 
SRA 1 0.11 0.20 0.94 0.31 
0.52 0.22 <01 0.05 
RAR 1 0.94 0.03 -0.09 
<01 0.86 0.58 
RLR 1 0.22 -0.07 
0.18 0.65 
SRL 1 0.27 
0.09 
FOLR 1 
White oak Seed size 1 -0.13 -0.16 -0.21 -0.09 -0.36 -0.27 -0.31 -0.36 0.09 
0.53 0.46 0.33 0.68 0.09 0.21 0.14 0.09 0.69 
Area 1 0.99 0.25 -0.05 0.12 0.86 0.82 0.05 -0.28 
<01 0.24 0.80 0.58 <01 <01 0.83 0.18 
Length 1 0.24 -0.06 0.17 0.85 0.84 0.12 -0.26 
0.25 0.78 0.43 <01 <01 0.58 0.22 
SLA 1 -0.29 0.10 0.43 0.42 0.07 -0.02 
0.18 0.64 0.04 0.04 0.74 0.91 
LAR 1 -0.22 -0.14 -0.15 -0.21 -0.19 
0.31 0.52 0.48 0.34 0.38 
SRA 1 0.23 0.29 0.98 -0.20 
0.28 0.16 <01 0.34 
RAR 1 0.98 0.15 -0.32 
<01 0.48 0.12 
RLR 1 0.25 -0.27 
0.24 0.19 
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Table 1. Pearson correlation for time, treatment, and seed related variables as described 
by seed- (SFW), pericarp- (PFW), embryo- (EFW) fresh weight and embryo dry weight 
(EDW), for white (WO) and bur (BO) oak during storage. P-values are in italics. 
Time Treatment SFW PFW EFW EDW MC 
Species Variables (weeks) (g) (g) (g) (g) (%) 
wo Time 1 0 0.13 -0.06 0.21 -0.09 0.55 
1 0.09 0.39 <.01 0.25 <01 
wo Treatment 1 -0.03 -0.03 -0.02 -0.09 0.13 
0.66 0.67 0.77 0.21 0.08 
wo Seed fresh weight 1 0.65 0.86 0.70 0.28 
<01 <.01 < 0 1  <01 
wo Pericarp fresh weight 1 0.17 0.09 0.12 
0.02 0.23 0.10 
wo Embryo fresh weight 1 0.85 0.28 
<01 <01 
wo Embryo dry weight 1 -0.26 
<01 
wo Moisture content 1 
BO Time 1 0 0.17 0.09 0.19 0.01 0.40 
/ 0.02 0.25 0.01 0.90 <01 
BO Treatment 1 -0.10 -0.11 -0.08 -0.09 0.00 
0.17 0.15 0.26 0.25 0.95 
BO Seed fresh weight 1 0.79 0.95 0.87 0.10 
<.01 < 0 1  <01 0.16 
BO Pericarp fresh weight 1 0.55 0.55 -0.04 
<.01 <01 0.58 
BO Embryo fresh weight 1 0.90 0.16 
< 0 1  0.03 
BO Embryo dry weight 1 -0.29 
<01 
BO Moisture content 1 
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Table 2. Pearson correlation for time, and seed related variables as described by seed-
(SFW), pericarp- (PFW), embryo- (EFW) fresh weight and embryo dry weight (EDW) 
during storage for white and bur oak for each treatment: air, 80/20% N20/02 (80/20), and 
98/2% N20/02 (98/2), P -values are in italics. 
White oak Bur oak 
Time SFW PFW EFW EDW MC Time SFW PFW EFW EDW MC 
Variables Treatments (weeks) (g) (g) (g) (g) (%) (weeks) (g) (g) (g) (g) (%) 
Time Air 1 0.21 -0.06 0.33 0.12 0.47 1 0.10 -0.02 0.16 0.03 0.30 
0.10 0.67 0.01 0.35 <0/ 0.44 0.87 0.24 0.83 0.02 
SFW Air 1 0.64 0.75 0.61 0.34 1 0.80 0.94 0.90 -0.05 
<.01 <.01 <01 < 0 1  <01 <01 <01 0.72 
PFW Air 1 -0.03 -0.11 0.16 1 0.54 0.57 -0.18 
0.83 0.38 0.22 <.01 <01 0.18 
EFW Air 1 0.89 0.31 1 0.92 0.04 
<01 0.02 <01 0.77 
EDW Air 1 -0.15 1 -0.34 
0.26 <0/ 
MC Air 1 1 
Time 80/20 1 -0.07 -0.19 0.01 -0.23 0.52 1 0.18 0.07 0.21 -0.04 0.43 
0.59 0.14 0.92 0.07 <0/ 0.16 0.62 0.11 0.77 <0/ 
SFW 80/20 1 0.73 0.92 0.81 0.18 1 0.74 0.95 0.81 0.27 
<.01 <01 <01 0.16 <01 <01 <01 0.04 
PFW 80/20 1 0.41 0.36 0.07 1 0.49 0.49 0.02 
<01 <01 0.58 <01 <01 0.90 
EFW 80/20 1 0.88 0.20 1 0.82 0.34 
< 0 1  0.12 <01 <01 
EDW 80/20 1 -0.29 1 -0.26 
0.0 J 0.05 
MC 80/20 1 1 
Time 98/2 1 0.23 0.03 0.26 -0.16 0.67 1 0.26 0.27 0.22 0.03 0.49 
0.08 0.82 0.04 0.21 <0/ 0.05 0.03 0.09 0.80 <01 
SFW 98/2 1 0.61 0.92 0.70 0.31 1 0.83 0.96 0.89 0.10 
<01 <.01 <01 0.02 <.01 < 0 1  <0/ 0.44 
PFW 98/2 1 0.24 0.14 0.13 1 0.64 0.58 0.11 
0.07 0.28 0.34 <01 <0/ 0.40 
EFW 98/2 1 0.78 0.31 1 0.93 0.08 
<01 0.01 <01 0.53 
EDW 98/2 1 -0.34 1 -0.29 
<0/ 0.03 
MC 98/2 1 1 
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Table 3. Pearson correlation for time, treatment, and respiration during storage for 
white and bur oak. P -values are in italics. 
White oak Bur oak 
Time Treatment Respiration Time Treatment Respiration 
Variable (weeks) (Hi 02 min"' g"1) (weeks) ( H l 0 2min"' g"1) 
Time 1 0 0.06 1 0 -0.09 
/ 0.54 / 0.41 
Treatment 1 -0.36 1 -0.12 
<0.01 0.27 
Respiration 1 1 
Table 4. Pearson correlation for time, and respiration during storage for white and 
bur oak for each treatment: air, 80/20% N20/02 (80/20), and 98/2% N20/02 (98/2). 
P -values are in italics. 
White oak Bur oak 
Time Respiration Time Respiration 
Variables Treatments (weeks) (|il02min''g"1) (weeks) (|xl 02 min"1 g'1) 
Time Air 1 0.09 I -0.15 
0.65 _ 0.44 
Respiration Air 1 1 
Time 80/20 1 -0.03 1 0.02 
0.88 _ 0.93 
Respiration 80/20 I 1 
Time 98/2 1 0.16 1 -0.16 
0.39 _ 0.38 
Respiration 98/2 1 1 
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Table 5. Pearson correlation for time, treatment, and seedling performance variables, as 
desribed by growth at 2 weeks based on maximum root length (RLW2), root width 
(RWW2), and epicotyl length (ELW2), during storage. P -values are in italics. 
White oak Bur oak 
Time Treatment RLW2 RWW2 ELW2 Time Treatment RLW2 RWW2 ELW2 
Variables (weeks) (mm) (mm) (mm) (weeks) (mm) (mm) (mm) 
Time 1 0 -0.25 -0.38 -0.21 1 0.00 0.25 0.07 0.28 
1.00 <.01 < 0 1  <01 1.00 < 0 1  0.06 <01 
Treatment 1 -0.17 -0.09 -0.08 1 -0.14 -0.07 -0.17 
< 0 1  < 0 1  0.02 < 0 1  0.04 <01 












ELW2 1 1 
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Table 6. Pearson correlation for time, and seedling performance as desribed by growth at 2 
weeks based on maximum root length (RLW2), root width (RWW2), and epicotyl length 
(ELW2) for white and bur oak for each treatment: air, 80/20% N20/02 (80/20), and 98/2% 
N20/02 (98/2). P -values are in italics. 
White oak Bur oak 
Time RLW2 RWW2 ELW2 Time RWW2 ELW2 
Variable Treatment (weeks) (mm) (mm) (mm) (weeks) RLW2 (mm) (mm) (mm) 
Time Air 1 -0.02 -0.11 0.04 1 0.31 0.13 0.41 
0.78 0.08 0.50 <01 0.04 <01 
RLW2 Air 1 0.26 0.36 1 0.36 0.50 
<01 <01 <01 <01 
RWW2 Air 1 0.61 1 0.57 
< 0 1  <01 
ELW2 Air 1 1 
Time 80/20 1 -0.27 -0.48 -0.34 1 0.38 0.08 0.33 
<01 <01 < 0 1  <01 0.20 <01 
RLW2 80/20 1 0.47 0.47 1 0.30 0.53 
<01 <01 <01 <01 
RWW2 80/20 1 0.60 1 0.56 
<01 <01 
ELW2 80/20 1 1 
Time 98/2 1 -0.51 -0.49 -0.37 1 0.06 0.02 0.05 
<01 <01 <.01 0.34 0.73 0.45 
RLW2 98/2 1 0.55 0.49 1 0.19 0.51 
<01 <01 <01 <01 
RWW2 98/2 1 0.65 1 0.37 
<01 <01 
ELW2 98/2 1 1 
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Table 7. Pearson correlation for time, treatment, and percent germination during 
storage for white and bur oak. P -values are in italics. 
White oak Bur oak 
Time Treatment Germinaiton Time Treatment Germinaiton 
Variables (weeks) (%) (weeks) (%) 
Time 1 0 -0.16 1 0 0.76 
1 0.34 _ 1 <01 
Treatment 1 -0.32 1 -0.14 
0.05 _ 0.42 
Germination 1 1 
Table 8. Pearson correlation for time, and percent germination during storage for 
white and bur oak for each treatment: air, 80/20% N20/02 (80/20), and 98/2% 
N20/02 (98/2). P-values are in italics. 
Variable 
































< 0 1  
1 
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Table 9. Pearson correlation for cumulative amounts of 02, N20, and C02 based on 
closed, non-renewed atmospheric systems of 98/2% N20/02, and air. 
Variable Treatment Time o2 C02 N20 
Time 98/2 1 -0.68 0.99 -0.81 
<01 <01 <01 
02 98/2 1 -0.73 0.38 
<01 0.01 
C02 98/2 1 -0.78 
<01 
N20 98/2 1 
Time Air 1 -0.85 0.95 
<01 <01 
02 Air 1 -0.92 
<01 
C02 Air 1 
N20 Air 
Table 10. Pearson correlation for rates of 02 and N20 uptake, and C02 release per 
day based on closed, non-renewed atmospheric systems of 98/2% N20/02, and air. 
Variable Treatment Time O2 C02 N2O 
Time 98/2 1 -0.44 -0.08 -0.14 
<01 0.64 0.39 
02 98/2 1 0.23 -0.09 
0.17 0.57 
C02 98/2 1 -0.57 
<01 
N20 98/2 1 
Time Air 1 -0.54 -0.46 
<01 <01 
02 Air 1 0.54 
<01 
C02 Air 1 
N20 Air " 
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Table 11. Pearson correlation for rates of 02 and N20 uptake, and C02 release 
per day based on closed atmospheric systems of 98/2% N20/02 that were 
renewed every two and seven days. 
Renewal every 2-days Renewal every 7-days 
Variable Time O2 C20 N2O Time o2 C20 N2O 
Time 1 0.26 0.23 0.35 1 0.18 0.46 0.48 
0.03 0.07 <01 0.39 0.02 0.02 












N20 1 1 
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Table 12. Pearson correlation for treatment, species, and starch thermal values as 
described by onset (ToG), peak (TpG), range of gelatinization (RnG), enthalpy 
(AHG), and peak height index (PHI) of gelatinization during storage. Also, seedling 
performance, as desribed by growth at 2 weeks based on maximum root length 
(RLW2), root width (RWW2), and epicotyl length (ELW2). P -values are in italics. 
Treatment Species ToG TpG RnC AHG PHI RLW2 RWW2 ELW2 
Variable (°C) (°C) (°C) (J/g) (mm) (mm) (mm) 
Treatment 1 0 0.12 0.11 -0.04 -0.13 -0.06 -0.01 -0.16 -0.08 
/ 0.10 0.13 0.60 0.07 0.43 0.90 0.04 0.30 
Species 1 -0.02 0.00 0.08 0.01 0.02 0.09 -0.13 0.27 
0.74 0.97 0.28 0.87 0.82 0.23 0.09 <0.01 
ToG 1 0.96 -0.17 -0.79 -0.48 0.11 -0.03 0.02 
<0.01 0.02 <0.01 <0.01 0.13 0.68 0.74 
TpG 1 0.11 -0.77 -0.63 0.13 0.00 0.07 
0.12 <0.01 <0.01 0.09 0.95 0.37 
































Table 13. Pearson correlation for treatment, time, and starch thermal values for white 
oak as described by onset (ToG), peak (TpG), range of gelatinization (RnG), 
enthalpy (AHG), and peak height index (PHI) of gelatinization during storage. Also, 
seedling performance, as desribed by growth at 2 weeks based on maximum root 
length (RLW2), root width (RWW2), and epicotyl length (ELW2). P-values are in 
Treatment Time ToG TpG RnG AHG PHI RLW2 RWW2 ELW2 
Variables (weeks) (°C) (°C) (°C) (J/g) (mm) (mm) (mm) 
Treatment 1 0.22 0.12 0.13 0.06 -0.19 -0.23 -0.07 -0.22 -0.30 
0.03 0.25 0.21 0.53 0.06 0.02 0.53 0.03 <.01 
Time 1 -0.05 -0.03 0.07 -0.12 -0.14 -0.41 -0.01 -0.14 
0.62 0.74 0.50 0.25 0.15 <.01 0.91 0.16 
ToG 1 0.97 0.02 -0.75 -0.63 0.10 -0.06 -0.03 
<.01 0.88 < 0 1  <.01 0.32 0.56 0.80 
TpG 1 0.24 -0.76 -0.72 0.10 0.00 0.02 
0.02 < 0 1  < 0 1  0.32 0.99 0.83 
RnG 1 -0.11 
0.27 
-0.48 





























Table 14. Pearson correlation for treatment, time, and starch thermal values for bur 
oak as described by onset (ToG), peak (TpG), range of gelatinization (RnG), 
enthalpy (AHG), and peak height index (PHI) of gelatinization during storage. 
Also, seedling performance, as desribed by growth at 2 weeks based on maximum 
root length (RLW2), root width (RWW2), and epicotyl length (ELW2). P -values 
are in italics. 
Treatment Time ToG AHG PHI RLW2 RWW2 ELW2 
Variables (weeks) (°C) TpG (°C) RnG (°C) (J/g) (mm) (mm) (mm) 
Treatment I 0.22 0.12 0.09 -0.10 -0.07 0.08 0.05 0.07 0.06 
0.03 0.24 0.37 0.31 0.48 0.46 0.64 0.50 0.61 
Time 1 -0.09 -0.04 0.16 -0.02 -0.11 0.35 0.01 0.49 
0.39 0.70 0.12 0.87 0.30 <.01 0.89 <.01 
ToG 1 0.95 -0.27 -0.82 -0.39 0.13 0.03 0.07 
<.01 < 0 1  <.01 <.01 0.22 0.76 0.5/ 
TpG 1 0.05 -0.79 -0.58 0.15 0.05 0.10 
0.65 < 0 1  < 0 1  0.16 0.63 0.36 
























RLW2 1 -0.01 
0.95 
0.34 
< 0 1  
RWW2 1 0.59 
< 0 1  
ELW2 1 
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APPENDIX C. TABLES RELATED TO CHAPTER 4 
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Table 1. Pearson correlation for time, parent tree, seed size, and seed related variables, seed-
(SFW), pericarp- (PFW), embryo- (EFW) fresh weight and embryo dry weight (EDW), for 




























































< 0 1  
0.52 
< 0 1  
0.76 
< 0 1  
0.30 
< 0 /  
0.86 




















Table 2. Pearson correlation for time, seed size, and seed related variables, seed-
(SFW), pericarp- (PFW), embryo- (EFW) fresh weight and embryo dry weight 
(EDW), for each bur oak parent tree during desiccation, with "wild" parent tree (1) 
having the tougher, darker colored pericarp compared to the "modified" parent tree 
(2). P -values are in italics. 
Parent Time Seed SFW PFW EFW EDW MC 
Variables tree (days) size (g) (g) (g) (g) (%) 
Time 1 1 0 -0.47 -0.43 -0.37 -0.02 -0.79 
1 <.01 <.01 < 0 1  0.89 < 0 1  
Seed size 1 1 0.59 0.32 0.59 0.58 0.09 
< 0 1  < 0 1  <.01 <.01 0.47 
SFW 1 1 0.68 0.92 0.80 0.38 
< 0 1  <.01 < 0 1  < 0 1  
PFW 1 1 0.34 0.22 0.26 
<.01 0.08 0.04 
EFW 1 1 0.90 0.35 
< 0 1  < 0 1  
EDW 1 I -0.09 
0.47 
MC 1 1 
Time 2 1 0 -0.61 -0.50 -0.55 -0.13 -0.74 
1 < 0 1  < 0 1  < 0 1  0.33 < 0 1  
Seed size 2 1 0.53 0.26 0.57 0.48 0.21 
< 0 1  0.04 <.01 <0/ 0.10 
SFW 2 1 0.76 0.94 0.69 0.49 
< 0 1  < 0 1  < 0 1  < 0 1  
PFW 2 1 0.48 0.22 0.46 
<.01 0.10 <.01 
EFW 2 1 0.82 0.42 
<07 < 0 1  
EDW 2 1 -0.18 
0.17 
MC 2 1 
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Table 3. Pearson correlation for time, parent tree, seed size, and seedling 
performance variables based on 2 weeks growth for root width (RWW2), 
and epicotyl length (ELW2), and 4 weeks growth for root length (RLW4), 
root width (RWW4), and epicotyl length (ELW4), for bur oak. P -values 
are in italics. 
Time Parent Seed RWW2 ELW2 RLW4 RWW4 ELW4 
Variables (days) tree size (mm) (mm) (mm) (mm) (mm) 
Time 1 -0.05 -0.05 -0.07 -0.33 -0.32 -0.20 -0.40 
0.36 0.36 0.25 < 0 1  <.01 <.01 < 0 1  
Parent tree 1 -0.03 -0.23 -0.10 -0.34 -0.20 -0.03 
0.56 < 0 1  0.12 < 0 1  <.01 0.56 
Seed size 1 0.04 0.03 0.08 0.03 -0.01 
0.53 0.70 0.20 0.65 0.82 
RWW2 I 0.50 0.22 0.86 0.50 
<.01 < 0 1  <.01 < 0 1  






RLW4 1 0.35 
<.01 
0.46 
< 0 1  
RWW4 1 0.66 
< 0 1  
ELW4 1 
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Table 4. Pearson correlation for time, seed size, and seedling performance based on 
2 weeks growth for root width (RWW2), and epicotyl length (ELW2), and 4 weeks 
growth for root length (RLW4), root width (RWW4), and epicotyl length (ELW4), 
for each bur oak parent tree during desiccation, with "wild" parent tree (1) having 
the tougher, darker colored pericarp compared to the "modified" parent tree (2). P -
values are in italics. 
Parent Time Seed RWW2 ELW2 RLW4 RWW4 ELW4 
Variables tree (days) size (mm) (mm) (mm) (mm) (mm) 
Time I I 0.00 -0.04 -0.29 -0.31 -0.19 -0.36 
1.00 0.67 < 0 1  < 0 1  0.02 <.01 
Seed size 1 1 0.07 -0.04 0.12 0.08 -0.08 
0.38 0.66 0.14 0.36 0.34 
RWW2 1 1 0.52 0.25 0.88 0.51 
< 0 1  <.01 <.01 < 0 1  
ELW2 1 1 0.21 0.47 0.51 
0.02 < 0 1  <.01 
RLW4 1 1 0.34 0.46 
<.01 < 0 1  
RWW4 1 1 0.65 
< 0 1  
ELW4 1 1 
Time 2 1 -0.11 -0.20 -0.50 -0.44 -0.26 -0.45 
0.16 0.03 < 0 1  <.01 < 0 1  <.01 
Seed size 2 1 -0.03 0.10 0.02 -0.04 0.04 
0.74 0.36 0.81 0.68 0.62 
RWW2 2 1 0.48 0.03 0.82 0.54 
< 0 1  0.71 < 0 1  <.01 
ELW2 2 1 0.20 0.28 0.48 
0.05 < 0 1  <.01 
RLW4 2 1 0.27 0.49 
<.01 < 0 1  
RWW4 2 1 0.68 
< 0 1  
ELW4 2 1 
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Table 5. Pearson correlation for time, parent tree, seed size, and percent germination for 
bur oak, during desiccation. P -values are in italics. 
Time Parent Seed Germination 
Variables (days) tree size (%) 
Time 1 -0.05 -0.05 -0.66 
0.78 0.78 < 0 1  
Parent tree 1 -0.03 -0.08 
0.86 0.67 
Seed size 1 0.28 
0.13 
Germination ! 
Table 6. Pearson correlation for time, parent tree, seed size, and respiration for bur oak, 
during desiccation. P -values are in italics. 
Time Parent Seed Respiration 
Variables (days) tree size (pi 02 min"' g"') 
Time 1 -0.05 -0.05 -0.35 
0.69 0.69 <.01 
Parent tree 1 -0.03 -0.03 
0.80 0.83 
Seed size 1 0.36 
<.01 
Respiration 1 
Table 7. Pearson correlation for time, seed size, and percent germination for each bur oak 
parent tree, during desiccation, with "wild" parent tree (1) having the tougher, darker 
colored pericarp compared to the "modified" parent tree (2). P -values are in italics. 
Parent Time Seed Respiration 
Variables tree (days) size (jil 02 min"1 g"1) 
Time 1 1 0.00 -0.33 
1.00 0.06 
Seed size 1 1 0.28 
0.13 
Respiration 1 1 
Time 2 1 -0.11 -0.38 
0.55 0.04 
Seed size 2 1 0.46 
Respiration 2 1 
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Table 8. Pearson correlation for time, parent tree, seed size, and starch thermal variables, 
onset (ToG), peak (TpG), range (RnG), enthalpy (AHG), and peak height index (PHI) of 
gelatinization during desiccation. Also, seedling performance for seeds that experience 
desiccation, based on 2 weeks growth for maximum root width (RWW2), and epicotyl 
length (ELW2), and 4 weeks growth for root length (RLW4), root width (RWW4), and 
epicotyl length (ELW4). P-values are in italics. 
Time Parent Seed ToG TpG RnG AHG PHI RWW2 ELW2 RLW4 RWW4 ELW4 
Variables (days) tree size (°Q (°Q m (J/g) (mm) (mm) (mm) (mm) (mm) 
Time 1 0 0 -0.41 -0.40 0.15 -0.20 -0.29 0.20 0.01 -0.26 -0.09 -0.11 
1 1 <.01 <.01 0.25 0.11 0.02 0.12 0.96 0.04 0.51 0.42 
Parent 1 0 0.25 -0.11 -0.48 -0.33 0.36 -0.31 -0.25 -0.35 -0.30 0.01 
1 0.05 0.40 < 0 1  <.01 <.01 0.01 0.05 < 0 1  0.02 0.92 
Seed size 1 0.27 0.18 -0.19 -0.21 0.11 0.19 0.04 -0.04 0.11 -0.12 
0.04 0.16 0.14 0.10 0.38 0.15 0.75 0.77 0.39 0.34 
ToG 1 0.73 -0.64 -0.24 0.63 -0.11 -0.13 0.09 0.01 0.00 
< 0 1  < 0 1  0.06 < 0 1  0.42 0.32 0.47 0.97 1.00 
TpG 1 0.06 0.14 0.05 -0.08 -0.01 0.15 0.04 0.05 
0.63 0.29 0.72 0.56 0.95 0.26 0.77 0.70 
RnG 1 0.50 -0.87 0.07 0.18 0.03 0.03 0.06 
< 0 1  <.01 0.60 0.17 0.83 0.79 0.67 






























ELW2 1 0.21 
0.09 
0.53 
< 0 1  
0.44 
<.01 
RLW4 1 0.25 
0.05 
0.44 
< 0 1  




Table 9. Pearson correlation for starch thermal values and seedling performance. Variables 
are described by table 8. The "wild" parent tree (1) had the tougher, darker colored pericarp 
compared to the "modified" parent tree (2). P -values are in italics. 
Parent Time Seed ToG TpG RnG AHG PHI RWW2 ELW2 RLW4 RWW4 ELW4 
Variables tree (days) size (°C) (°C) (°C) (J/g) (mm) (mm) (mm) (mm) (mm) 
Time 1 1 0 -0.36 -0.44 -0.01 -0.39 -0.19 0.01 -0.02 -0.16 -0.28 -0.05 
I 0.05 0.01 0.95 0.03 0.29 0.95 0.93 0.38 0.12 0.81 
Seed size 1 1 0.36 0.26 -0.21 -0.39 0.00 0.11 -0.09 0.13 0.06 -0.09 
0.04 0.15 0.25 0.03 1.00 0.56 0.63 0.49 0.73 0.62 
ToG 1 1 0.71 -0.58 -0.25 0.50 0.22 -0.02 0.22 0.31 -0.12 
< 0 1  < 0 1  0.18 <.01 0.22 0.91 0.22 0.08 0.52 
TpG 1 1 0.16 0.10 -0.14 0.07 0.04 0.17 0.22 0.07 
0.38 0.57 0.46 0.71 0.84 0.35 0.22 0.71 
RnG 1 1 0.46 -0.85 -0.23 0.07 -0.11 -0.18 0.24 
< 0 1  < 0 1  0.20 0.70 0.53 0.32 0.18 
AHG 1 1 0.03 -0.30 0.08 0.03 -0.09 0.14 
0.88 0.10 0.67 0.88 0.63 0.46 
PHI 1 1 0.04 -0.07 0.06 0.09 -0.26 
0.83 0.70 0.76 0.63 0.15 
RWW2 1 1 0.44 0.10 0.85 0.12 
0.01 0.58 <.01 0.52 
ELW2 1 1 0.22 0.51 0.68 
0.23 < 0 1  < 0 1  
RLW4 1 1 0.30 0.40 
0.09 0.02 
RWW4 1 1 0.31 
0.09 
ELW4 1 1 
Time 2 1 0 -0.47 -0.35 0.43 0.06 -0.42 0.45 0.00 -0.44 0.14 -0.20 
1 < 0 1  0.06 0.02 0.75 0.02 0.01 0.99 0.01 0.46 0.28 
Seed size 2 1 0.19 0.07 -0.29 0.03 0.29 0.29 0.17 -0.23 0.17 -0.17 
0.30 0.69 0.12 0.86 0.12 0.12 0.36 0.22 0J8 0.36 
ToG 2 1 0.89 -0.70 -0.03 0.74 -0.39 -0.13 0.17 -0.24 0.19 
<.01 < 0 1  0.87 <.01 0.03 0.48 0.36 0.20 0.32 
TpG 2 1 -0.29 0.12 0.41 -0.40 -0.14 0.05 -0.33 0.02 
0.12 0.52 0.02 0.03 0.47 0.79 0.07 0.92 
RnG 2 1 0.26 -0.90 0.18 0.06 -0.28 -0.01 -0.36 
0.17 < 0 1  0.33 0.73 0.14 0.94 0.05 
AHG 2 1 0.16 0.07 0.05 0.00 -0.09 -0.02 
0.40 0.71 0.79 1.00 0.64 0.90 
PHI 2 1 -0.14 -0.03 0.29 -0.02 0.38 
0.46 0.86 0.13 0.91 0.04 
RWW2 2 1 0.58 -0.09 0.76 0.06 
<.01 0.63 <.01 0.75 
ELW2 2 1 0.06 0.46 0.10 
0.76 0.01 0.59 
RLW4 2 1 -0.01 0.61 
0.94 < 0 1  
RWW4 2 1 0.13 
0.51 
ELW4 2 1 
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Table 10. Changes in seedling related variables during desiccation based on mean 
values for each parent tree, with "wild" parent tree (1) having the tougher, darker 
colored pericarp compared to the "modified" parent tree (2). 
Parent Effect Seed Time(t) Seed Pericarp fresh Embryo Embryo dry Moisture 
tree size(ss) (days) fresh weight weight fresh weight weight content 
(g) (g) (g) (g) (%) 
1 t 19.5+20.5 0 5.50 1.62 3.88 2.07 46.81 
1 t 19.5+20.5 2 4.79 1.05 3.74 1.99 47.00 
1 t 19.5+20.5 4 4.96 1.11 3.85 2.12 44.91 
1 t 19.5+20.5 6 4.79 1.05 3.74 2.09 44.14 
1 t 19.5+20.5 8 4.68 1.04 3.63 2.05 43.75 
1 t 19.5+20.5 10 4.58 1.07 3.51 2.03 42.26 
1 t 19.5+20.5 12 4.69 1.14 3.55 2.08 41.21 
1 t 19.5+20.5 14 4.46 1.09 3.37 2.03 39.67 
1 ss_t 19.5 0 5.08 1.48 3.59 1.88 47.86 
1 ss_t 19.5 2 4.25 0.93 3.33 1.79 46.22 
1 ss_t 19.5 4 4.79 1.08 3.72 2.05 44.85 
1 ssj 19.5 6 4.44 0.98 3.46 1.94 43.83 
1 ss_t 19.5 8 4.44 0.97 3.48 1.97 43.50 
1 ss_t 19.5 10 4.38 1.03 3.35 1.91 42.78 
1 ss_t 19.5 12 4.56 1.12 3.44 2.04 40.45 
1 ss_t 19.5 14 4.02 1.03 3.00 1.86 38.04 
1 ss_t 20.5 0 5.92 1.76 4.16 2.26 45.75 
1 ss_t 20.5 2 5.33 1.17 4.15 2.18 47.79 
1 ss_t 20.5 4 5.14 1.15 3.99 2.20 44.96 
1 ss t 20.5 6 5.14 1.11 4.03 2.24 44.46 
1 ss_t 20.5 8 4.91 1.12 3.79 2.13 44.00 
1 ss_t 20.5 10 4.77 1.10 3.67 2.14 41.73 
1 ss_t 20.5 12 4.82 1.16 3.66 2.12 41.97 
1 ss_t 20.5 14 4.90 1.15 3.75 2.20 41.31 
1 ss 19.5 Oto 14 4.49 1.08 3.42 1.93 43.44 
1 ss 20.5 Oto 14 5.12 1.22 3.90 2.18 44.00 
2 t 19.5+20.5 0 5.38 1.51 3.87 1.89 51.07 
2 t 19.5+20.5 2 4.58 0.89 3.69 1.89 48.88 
2 t 19.5+20.5 4 4.62 0.90 3.72 2.06 44.55 
2 t 19.5+20.5 6 4.43 0.85 3.58 2.00 44.04 
2 t 19.5+20.5 8 4.11 0.84 3.27 1.83 43.84 
2 t 19.5+20.5 10 4.44 0.95 3.49 1.98 43.48 
2 t 19.5+20.5 12 4.01 0.87 3.14 1.83 41.76 
2 t 19.5+20.5 14 3.72 0.84 2.88 1.77 38.44 
2 ss_t 19.5 0 4.98 1.45 3.53 1.78 49.73 
2 ss_t 19.5 2 4.18 0.83 3.35 1.75 47.96 
2 SS t 19.5 4 4.17 0.82 3.35 1.88 43.88 
2 ss_t 19.5 6 4.11 0.82 3.29 1.86 43.41 
2 ss_t 19.5 8 3.98 0.78 3.20 1.78 44.49 
2 ss_t 19.5 10 4.10 0.84 3.26 1.90 41.84 
2 ss_t 19.5 12 3.88 0.85 3.04 1.74 42.66 
2 ss_t 19.5 14 3.72 0.84 2.88 1.78 38.44 
2 SS t 20.5 0 5.79 1.58 4.22 2.01 52.41 
2 ss t 20.5 2 4.98 0.96 4.02 2.02 49.81 
2 ss_t 20.5 4 5.06 0.98 4.08 2.23 45.23 
2 ss_t 20.5 6 4.75 0.88 3.87 2.14 44.67 
2 ss_t 20.5 8 4.23 0.90 3.33 1.89 43.19 
2 ssj 20.5 10 4.78 1.07 3.71 2.06 45.11 
2 ss_t 20.5 12 4.13 0.90 3.24 1.92 40.87 
2 ss 19.5 Oto 14 4.14 0.90 3.24 1.81 44.05 
2 ss 20.5 Oto 14 4.82 1.04 3.78 2.04 45.90 
1 ALL ALL ALL 4.80 1.15 3.66 2.06 43.72 
2 ALL ALL ALL 4.46 0.96 3.49 1.91 44.91 
19.5 ALL ALL ALL 4.32 0.99 3.33 1.87 43.75 
20.5 ALL ALL ALL 4.98 1.13 3.84 2.11 44.88 
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Table 11. Changes in respiration during desiccation based on mean values for each 
parent tree, with "wild" parent tree (1) having the tougher, darker colored pericarp 
compared to the "modified" parent tree (2). 
Parent Seed Time Respiration 
tree Effect size(ss) (t, days) (Hi 02 min ' g"') 
1 t 19.5+20.5 0 4.93 
1 t 19.5+20.5 2 7.18 
1 t 19.5+20.5 4 3.22 
1 t 19.5+20.5 6 1.94 
1 t 19.5+20.5 8 4.34 
1 t 19.5+20.5 10 3.89 
1 t 19.5+20.5 12 4.01 
1 t 19.5+20.5 14 3.17 
1 ss_t 19.5 0 3.84 
1 ss_t 19.5 2 7.17 
1 ss_t 19.5 4 3.06 
1 ss_t 19.5 6 2.47 
1 ss_t 19.5 8 3.33 
1 ss_t 19.5 10 3.26 
1 ss_t 19.5 12 2.70 
1 ss_t 19.5 14 2.55 
1 ss_t 20.5 0 6.02 
1 SS t 20.5 2 7.19 
1 ss_t 20.5 4 3.38 
1 ss_t 20.5 6 1.41 
1 ss_t 20.5 8 5.34 
1 ss_t 20.5 10 4.52 
1 ss_t 20.5 12 5.32 
1 ss_t 20.5 14 3.79 
1 ss 19.5 0 to 14 3.55 
1 ss 20.5 Oto 14 4.62 
2 t 19.5+20.5 0 5.93 
2 t 19.5+20.5 2 3.95 
2 t 19.5+20.5 4 3.28 
2 t 19.5+20.5 6 3.61 
2 t 19.5+20.5 8 4.62 
2 t 19.5+20.5 10 4.65 
2 t 19.5+20.5 12 2.62 
2 t 19.5+20.5 14 2.40 
2 ss_t 19.5 0 4.59 
2 ss_t 19.5 2 4.78 
2 ssj 19.5 4 2.11 
2 ss_t 19.5 6 2.36 
2 ss_t 19.5 8 3.94 
2 ss_t 19.5 10 3.29 
2 SS t 19.5 12 2.60 
2 ss_t 19.5 14 2.40 
2 ss_t 20.5 0 7.27 
2 ss_t 20.5 2 3.13 
2 ss_t 20.5 4 4.45 
2 ss_t 20.5 6 4.87 
2 ss_t 20.5 8 5.31 
2 ss_t 20.5 10 6.02 
2 ss_t 20.5 12 2.64 
2 ss 19.5 0 to 14 3.26 
2 ss 20.5 Oto 12 4.81 
1 ALL ALL ALL 4.08 
2 ALL ALL ALL 3.98 
19.5 ALL ALL ALL 3.40 
20.5 ALL ALL ALL 4.71 
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Table 12. Changes in seedling performance during desiccation based on mean values 
for each parent tree, with "wild" parent tree (1) having the tougher, darker colored 
pericarp compared to the "modified" parent tree (2). 
Parent Effect Seed Time(t) Root width Epicotyl length Root length Root width Epicotyl ten 
tree size (ss) (days) (mm, week 2) (mm, week 2) (mm, week 4) (mm, week 4) (mm, week 
1 t 19.5+20.5 0 2.22 31.83 204.99 2.79 68.70 
1 t 19.5+20.5 2 2.46 30.96 219.80 2.99 74.19 
1 t 19.5+20.5 4 2.41 27.38 216.45 2.94 73.46 
1 t 19.5+20.5 6 2.43 24.64 207.43 2.92 70.40 
1 t 19.5+20.5 8 2.45 32.58 201.15 2.83 60.29 
1 t 19.5+20.5 10 2.45 23.63 202.63 2.89 56.95 
1 t 19.5+20.5 12 2.33 16.94 164.60 2.50 41.95 
I t 19.5+20.5 14 2.05 11.15 136.68 2.49 52.31 
1 ss_t 19.5 0 2.04 32.13 223.02 2.64 66.96 
1 ss_t 19.5 2 2.39 30.10 211.21 2.84 78.06 
1 ss_t 19.5 4 2.10 21.07 199.18 2.70 77.83 
1 ss t 19.5 6 2.46 26.09 181.82 2.98 70.82 
1 sst 19.5 8 2.64 40.00 202.17 3.07 72.34 
1 ss_t 19.5 10 2.32 20.93 179.23 2.79 52.09 
1 ss_t 19.5 12 2.55 19.04 164.36 2.62 44.44 
1 ssj 19.5 14 1.96 14.50 124.11 2.31 46.75 
1 ss_t 20.5 0 2.41 31.52 186.96 2.94 70.44 
1 ss_t 20.5 2 2.52 31.82 228.39 3.14 70.33 
1 ss t 20.5 4 2.72 33.70 233.71 3.18 69.09 
1 ss_t 20.5 6 2.40 23.19 233.05 2.86 69.97 
1 ss_t 20.5 8 2.25 25.15 200.13 2.60 48.23 
1 ss_t 20.5 10 2.57 26.34 226.04 2.99 61.81 
1 ss_t 20.5 12 2.11 14.85 164.85 2.39 39.46 
1 ss_t 20.5 14 2.14 7.80 149.26 2.67 57.87 
1 ss 19.5 Oto 14 2.31 25.48 185.64 2.74 63.66 
1 ss 20.5 0 to 14 2.39 24.30 202.80 2.85 60.90 
2 t 19.5+20.5 0 2.32 41.23 192.57 2.77 82.05 
2 t 19.5+20.5 2 2.10 22.69 172.47 2.59 67.81 
2 t 19.5+20.5 4 2.00 18.64 162.23 2.58 62.81 
2 t 19.5+20.5 6 2.10 16.80 150.80 2.71 66.98 
2 t 19.5+20.5 8 2.23 16.61 157.15 2.61 59.10 
2 t 19.5+20.5 10 2.00 5.24 129.66 2.40 58.93 
2 t 19.5+20.5 12 1.88 93.66 2.12 27.87 
2 t 19.5+20.5 14 1.67 101.56 2.18 19.66 
2 ss_t 19.5 0 2.32 36.08 194.83 2.77 76.99 
2 ss t 19.5 2 2.07 20.23 151.60 2.61 59.52 
2 ss_t 19.5 4 2.19 18.27 147.56 2.80 65.65 
2 ss_t 19.5 6 2.12 15.18 145.67 2.76 70.68 
2 ss t 19.5 8 1.99 15.13 173.97 2.40 64.26 
2 ss_t 19.5 10 2.19 6.03 135.44 2.57 63.20 
2 ssj 19.5 12 2.07 118.24 2.08 24.93 
2 ssj 19.5 14 1.67 101.56 2.18 19.66 
2 ssj 20.5 0 2.33 46.38 190.31 2.76 87.11 
2 ssj 20.5 2 2.14 25.15 193.34 2.56 76.11 
2 ssj 20.5 4 1.81 19.01 176.89 2.37 59.97 
2 ssj 20.5 6 2.08 18.42 155.93 2.66 63.27 
2 ssj 20.5 8 2.47 18.09 140.34 2.82 53.94 
2 ssj 20.5 10 1.81 4.46 123.89 2.23 54.65 
2 ssj 20.5 12 1.69 18.49 69.08 2.16 30.80 
2 ss 19.5 0 to 14 2.08 21.92 146.11 2.52 55.61 
2 ss 20.5 Oto 14 2.05 21.43 149.97 2.51 60.84 
1 ALL ALL ALL 2.35 24.89 194.22 2.79 62.28 
2 ALL ALL ALL 2.06 20.20 147.91 2.51 58.05 
19.5 ALL ALL ALL 2.19 22.48 165.87 2.63 59.64 
20.5 ALL ALL ALL 2.23 22.96 178.14 2.69 60.87 
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Table 13. Changes in starch thermal properties and seedling performance during 
desiccation based on mean values for each parent tree, with "wild" parent tree (1) having 
the tougher, darker colored pericarp compared to the "modified" parent tree (2). 
Parent Seed Time (t, lou IpU Knu AHG PHI RLW4 RWW4 ELW4 
tree Effect size(ss) days) CO (°Q (°C) (J/g) (mm) (mm) (mm) 
1 t 19.5+20.5 0 58.23 64.54 12.62 13.64 0.58 240.76 2.73 68.35 
1 t 19.5+20.5 2 55.02 62.96 15.87 15.47 0.53 189.46 2.70 60.08 
1 t 19.5+20.5 4 56.39 63.42 14.06 12.81 0.49 216.30 2.74 46.57 
1 t 19.5+20.5 6 55.90 62.42 13.04 13.29 0.56 176.17 2.41 44.27 
1 t 19.5+20.5 8 55.32 62.79 14.94 13.27 0.47 126.81 2.48 56.92 
1 t 19.5+20.5 10 57.10 63.71 13.22 12.67 0.52 233.89 2.50 60.09 
1 t 19.5+20.5 12 53.65 61.37 15.45 12.53 0.46 187.73 2.13 60.94 
1 t 19.5+20.5 14 55.53 61.96 12.85 12.85 0.54 180.96 2.58 56.33 
1 s s t  19.5 0 56.85 63.00 12.29 13.17 0.58 241.48 2.80 80.98 
1 ss t 19.5 2 54.37 61.92 15.10 17.56 0.62 220.34 2.46 62.09 
1 ss_t 19.5 4 55.72 62.92 14.38 12.87 0.48 197.88 2.63 43.72 
1 s s t  19.5 6 57.13 63.25 12.24 13.86 0.63 91.99 2.33 29.77 
I ss_t 19.5 8 54.83 62.42 15.18 13.20 0.47 53.19 2.57 49.42 
1 SSJ 19.5 10 55.70 63.33 15.28 13.54 0.47 246.25 2.55 75.14 
1 ss t 19.5 12 52.55 61.08 17.07 13.20 0.42 230.54 2.49 61.92 
1 SSJ 19.5 14 54.61 62.08 14.96 13.61 0.48 196.74 2.22 62.28 
1 ssj 20.5 0 59.61 66.08 12.94 14.12 0.58 240.05 2.65 55.72 
1 s s t  20.5 2 55.68 64.00 16.64 13.38 0.43 158.57 2.95 58.07 
1 ssj 20.5 4 57.05 63.92 13.74 12.75 0.50 234.72 2.84 49.43 
1 ssj 20.5 6 54.67 61.58 13.83 12.71 0.49 260.34 2.49 58.78 
I SSJ 20.5 8 55.82 63.17 14.69 13.35 0.48 200.43 2.39 64.43 
1 SSJ 20.5 10 58.50 64.08 11.17 11.80 0.57 221.54 2.45 45.04 
1 s s t  20.5 12 54.75 61.67 13.83 11.87 0.49 144.92 1.77 59.96 
1 s s t  20.5 14 56.46 61.83 10.74 12.08 0.60 165.19 2.95 50.37 
1 ss 19.5 0 to 14 55.22 62.50 14.56 13.88 0.52 184.80 2.51 58.16 
1 ss 20.5 0 to 14 56.57 63.29 13.45 12.76 0.52 203.22 2.56 55.22 
2 t 19.5+20.5 0 57.34 62.42 10.15 11.62 0.61 196.20 2.37 62.95 
2 t 19.5+20.5 2 58.39 64.00 11.23 13.34 0.64 201.71 2.01 65.16 
2 t 19.5+20.5 4 57.03 63.00 11.94 12.30 0.56 174.74 2.29 54.89 
2 t 19.5+20.5 6 56.99 62.54 11.11 12.89 0.62 102.92 2.36 46.40 
2 t 19.5+20.5 8 57.33 62.54 10.41 12.13 0.63 89.60 2.34 61.00 
2 t 19.5+20.5 10 55.97 62.54 13.14 13.05 0.53 94.68 2.21 52.35 
2 t 19.5+20.5 12 54.59 61.04 12.90 12.29 0.51 102.93 2.35 55.60 
2 t 19.5+20.5 14 56.69 62.67 11.95 12.26 0.54 148.04 2.49 59.15 
2 ssj 19.5 0 56.99 62.00 10.02 11.67 0.62 264.60 2.25 70.43 
2 ssj 19.5 2 59.72 65.17 10.90 12.98 0.65 228.08 1.70 69.46 
2 ssj 19.5 4 55.98 62.75 13.55 11.98 0.47 167.10 2.05 45.79 
2 ssj 19.5 6 56.66 62.17 11.00 12.82 0.63 81.50 2.11 43.67 
2 SSJ 19.5 8 56.32 62.17 11.69 12.55 0.57 75.27 2.31 58.31 
2 s s t  19.5 10 55.66 62.58 13.84 13.15 0.51 162.29 2.37 58.19 
2 ssj 19.5 12 53.90 60.50 13.20 12.39 0.50 113.66 2.60 66.08 
2 s s t  19.5 14 56.69 62.67 11.95 12.27 0.54 148.04 2.49 59.16 
2 ssj 20.5 0 57.70 62.83 10.27 11.57 0.61 127.80 2.48 55.48 
2 ssj 20.5 2 57.06 62.83 11.55 13.71 0.63 175.35 2.32 60.87 
2 ssj 20.5 4 58.08 63.25 10.33 12.62 0.65 182.37 2.53 63.98 
2 ssj 20.5 6 57.31 62.92 11.22 12.97 0.61 124.35 2.61 49.13 
2 ssj 20.5 8 58.35 62.92 9.14 11.71 0.68 103.93 2.37 63.69 
2 s s t  20.5 10 56.28 62.50 12.45 12.95 0.55 27.07 2.05 46.52 
2 ssj 20.5 12 55.29 61.58 12.60 12.18 0.52 92.20 2.10 45.12 
2 ss 19.5 Oto 14 56.49 62.50 12.02 12.48 0.56 155.07 2.23 58.88 
2 ss 20.5 Oto 14 57.15 62.69 11.08 12.53 0.61 119.01 2.35 54.97 
1 ALL ALL ALL 55.89 62.90 14.00 13.32 0.52 194.01 2.53 56.69 
2 ALL ALL ALL 56.80 62.59 11.58 12.50 0.58 138.24 2.29 57.06 
19.5 ALL ALL ALL 55.85 62.50 13.29 13.18 0.54 169.93 2.37 58.52 
20.5 ALL ALL ALL 56.84 63.01 12.34 12.65 0.56 163.92 2.46 55.10 
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